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Glucose is widely recognized as the preferred energy substrate for metabolism 
by granulosa cells (GCs). Yet in most cells, 2-5% of glucose is shunted through the 
hexosamine biosynthesis pathway (HBP) for O-linked N-acetylglucosaminylation (O-
GlcNAcylation). O-GlcNAcylation is an evolutionarily-conserved, post-translational 
process that modifies serine and threonine residues on a variety of proteins. O-
GlcNAcylation is also considered a nutrient sensor that can regulate cellular processes 
such as metabolism, signal transduction, and proliferation. In this respect, O-
GlcNAcylation may be similar to, and possibly mediate, AMP-activated protein kinase 
(AMPK) signaling and its nutrient-sensing actions. However, the occurrence of O-
GlcNAcylation and its relative importance to GC function has not been determined. 
Here, we characterized relative O-GlcNAcylation in bovine GCs from small and large 
antral follicles and determined its effects on GC proliferation.  
Bovine ovary pairs morphologically staged to the mid-to-late estrous period 
were used. Granulosa cells and follicular fluid were aspirated from small (3-5mm) and 
large (>10mm) follicles. Freshly isolated GCs of small follicles exhibited greater 
immunodetectable expression of O-GlcNAcylation and the O-GlcNAcylation enzyme, 
O-GlcNAc transferase (OGT) expression than large follicles (P<0.05, n=7 ovary pairs). 
Less glucose (0.4mM vs 2.2 mM, P<0.05) and more lactate (33.3mM vs 9.6mM, 
P<0.05) was present in the follicular fluid of small follicles compared to large follicles 
(P<0.05, n=7). Steroid profiles revealed a progesterone to estradiol ratio >10 in all 
small follicle pools, indicative of highly atretic follicles. Similarly, 5 of the 7 large 
follicles pools were highly atretic and 2 were intermediately atretic (>1<10). Culture of 
GCs in serum free conditions revealed that inhibition of the HBP via the glutamine 
fructose-6-phosphate aminotransferase (GFAT) inhibitor, DON (50µM), impaired O-
GlcNAcylation for both follicle sizes (P<0.05, n=5 independent expts.). The inhibitor 
DON also prevented GC proliferation regardless of follicle size (P<0.05, n=4). Direct 
inhibition of O-GlcNAcylation via the OGT inhibitor, OSMI-1 (50µM), prevented 
proliferation of GCs from small follicles (P<0.05, n=3). Augmentation of O-
GlcNAcylation via the O-GlcNAcase (OGA) inhibitor, Thiamet-G (2.5µM), enhanced 
O-GlcNAcylation in GCs from both follicle sizes (P<0.05, n=3) but had no effect 
(P>0.05, n=3) on GC proliferation for either follicle size. Lastly, the use of the AMPK 
activator, Metformin (10mM), revealed that while AMPK activation inhibited GC 
proliferation from small follicles (P<0.05, n=4) as anticipated, it had no effect on O-
GlcNAcylation (P>0.05 n=5).  
The results indicate that: 1) O-GlcNAcylation occurs in GCs of bovine antral 
follicles, 2) Relative expression of O-GlcNAcylation is associated with alterations of 
glucose and lactate within the follicle, 3) Disruption of O-GlcNAcylation impairs GC 
proliferation, and 4) AMPK activation does not affect O-GlcNAcylation. In conclusion, 
the HBP and O-GlcNAcylation in GCs constitute an alternative, potential nutrient-
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CHAPTER 1: LITERATURE REVIEW 
1.1 Introduction 
The ability of the dairy cow to be successfully bred, conceive, and birth a calf is an 
essential part of the dairy industry. Profound understanding of both anatomy and 
physiology of the female reproductive tract is a critical aspect to managing the 
reproduction of the cow. Causes for reproductive failure are broadly studied in the 
literature, from basic anatomy, to complex physiological interactions, which can 
ultimately translate to advancements in artificial reproductive technologies. Research has 
led to the development of techniques and procedures allowing producers to manipulate 
the reproductive process of cows to make the animal more reproductively efficient.  
1.2 Female Reproductive Anatomy 
Anatomically, the female bovine reproductive tract is principally comprised of 
vulva, vagina, cervix, uterus, oviducts, and the ovaries. The vulva is the external opening 
of the tract leading to the vagina. The vagina is the site of copulation and semen 
deposition under natural service. Cranial to the vagina is the cervix, which functions as a 
barrier to prevent the entry of pathogens into the uterus, while simultaneously influencing 
the passage of sperm following intromission or the expulsion of the fetus during 
parturition (Mullins and Saacke, 1989). The cervix is largely comprised of smooth 
muscle tissue, which constricts or dilates according to prevailing physiological conditions 
and, on average, the cervix contains three cartilaginous rings (Heydon and Adams, 1979). 
Additionally, the cervix produces mucous to aid in sperm transport (Heydon and Adams, 
1979; Mullins and Saacke, 1989). The consistency of the mucous changes over the course 
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of the estrous cycle and, depending on the site of production, is categorized as 
sialomucins, produced in the basal crypts of the cervix, or sulfomucins, produced at the 
apical portions of the cervix, covering the cartilaginous rings (Chantler and Ratcliffe, 
1947; Heydon and Adams, 1979). These two types of mucous provide distinct 
environments: the sialomucins are of low viscosity; whereas the sulfomucins are highly 
viscous (Mullins and Saacke, 1989). During intromission, sperm contacting the 
sulfomucins are eliminated from the tract, while those encountering sialomucins are 
further facilitated in their migration through the cervix (Heydon and Adams, 1979). The 
consistency and constituents of cervical mucous changes in response to estrogens during 
the estrous cycle, and with peak production of both occurring on the day of estrus 
(Chantler and Ratcliffe, 1947; Marinov and Lovell, 1967; Heydon and Adams, 1979). 
The cervix opens to the uterine body and its horns. The uterus also plays a critical role in 
sperm transport and capacitation, while the uterine horns are the initial site of 
implantation for the growing conceptus (Chavatte-Palmer and Guillomot, 2007).  The 
entire reproductive tract is considered a bicornuate uterus, in which the horns are much 
more prominent than that of the uterine body. The paired oviducts that extend from each 
uterine horn consist of an infundibulum, ampulla, and isthmus. The infundibulum is the 
site of oocyte capture during ovulation, as it gently sweeps across the surface of the ovary 
during the period of estrus with its finger-like fimbria funneling the cumulus oocyte 
complex toward the ampulla (Li & Winuthayanon, 2017; Lombard et al., 1950). The 
ampulla is the site of fertilization, wherein the oocyte and sperm unite (Li & 
Winuthayanon, 2017). The isthmus is the constricted portion of the oviduct that limits 
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sperm entry during fertilization yet controls movement of the conceptus to the uterus 
following fertilization. Beyond the tubular passageways of the reproductive tract, are the 
ovaries, which function to mature and ovulate follicles, and subsequently maintain 
pregnancy through the formation of the corpus luteum. Besides gamete production, the 
ovaries produce the reproductive steroids, estradiol and progesterone, which play pivotal 
roles in controlling behavioral aspects of the estrous cycle, as well as the physiological 
parameters of ovulation, conception, pregnancy, and parturition.  
1.3 Ovarian Anatomy and Steroidogenesis 
The ovaries are the primary female reproductive organs. They are responsible for 
producing eggs (i.e., oocytes), and the hormones estradiol and progesterone. The ovary 
consists of thousands primordial follicles, the number of which is largely determined 
during fetal development (Morita and Tilly, 1999). These follicles do not develop further 
until puberty, where they then become primary follicles, many of which will never 
further develop (Fair et al., 1997). The follicles themselves contain an oocyte, granulosa 
cells, and theca cells. The primitive follicles present on the ovary are referred to as 
primordial follicles, which are not yet activated, and consist of an immature oocyte and 
one layer of surrounding granulosa cells (Morita and Tilly, 1999). The zona pellucida that 
typically surrounds the oocyte has not yet formed, and theca cells have not yet been 
recruited from the surrounding stroma during this time (Fair et al., 1997). The next stage 
of follicle maturation, primary follicles, still contain an immature oocyte, but the 
beginnings of a zona pellucida have formed and one to two layers of granulosa cells are 
present (Fair et al., 1997). Secondary follicles contain two or more layers of granulosa 
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cells, show the beginnings of a theca cell layer forming, and contain a maturing oocyte 
with growing zona pellucida (Fair et al., 1997; Richards et al., 2018). Tertiary follicles 
contain a mature oocyte and fully formed zona pellucida. The cumulus-oocyte-complex 
(COC) is now formed and clearly evident (Fair et al., 1997) and an antrum containing 
follicular fluid is evident (Van Wezel et al., 1999; Rodgers and Irving-Rodgers, 2010b; 
Hatzirodos et al., 2012). Follicular fluid is both an exudate of granulosa cell secretions 
and blood serum. It provides the microenvironment for the follicle to grow or undergo 
atresia and can influence its health. More than six layers of granulosa cells are present in 
tertiary follicles, and a theca cell layer consisting of theca interna and theca externa 
regions becomes obvious (Aerts and Bols, 2010). Tertiary follicles are further classified 
based upon the size of the antrum, specifically small (3-5 mm), medium (6-8 mm), and 
large (>8mm) antral follicles (Van Wezel et al., 1999). Once a tertiary follicle matures, it 
is sometimes referred to as a Graafian follicle, a credit to the person who first 
characterized its presence within the ovary (Graaf, 1672). Graafian follicles are the only 
size of follicles that can undergo ovulation (Rajakoski, 1960). 
As mentioned above, follicles consist of both theca and granulosa cells. Theca 
cells line the basement membrane of the follicle (Young and McNeilly, 2010). Theca and 
granulosa cells function together to produce estradiol, a steroidogenic process referred to 
as the two-cell, two-gonadotropin theory (Chetrit et al., 1996; Fortune, 1986; Y.-X. Liu & 
Hsueh, 1986). Theca cells primarily produce androstenedione (McNatty et al., 1984; 
Fortune, 1986; Rodgers et al., 1986). This occurs through luteinizing hormone (LH)-
stimulated cholesterol uptake (Rodgers et al., 1986). The cholesterol is then transported 
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to the mitochondria by LH-stimulation of steroidogenic acute regulatory protein (StAR) 
(Rodgers et al., 1986). The conversion of pregnenolone occurs by cytochrome p450 side 
chain cleavage enzyme (CYP11A1/P450scc), then to progesterone by 3β-hydroxysteroid 
dehydrogenase (3β-HSD), and finally to androstenedione by steroid 17α-monooxygenase 
(P450c17). Androstenedione can then either be transported to granulosa cells to produce 
estradiol or converted to testosterone by 17β-hydroxysteroid dehydrogenase (17βHSD) 
(Fortune, 1986). Testosterone can also be transported to granulosa cells. Once within the 
granulosa cells, androstenedione is converted to estrone by cytochrome p450 aromatase 
(CYP19A1/aromatase) and further estradiol by 17βHSD (Fortune, 1986; Skinner et al., 
2010). Alternatively, testosterone is directly aromatized into estradiol by CYP19A1 
(Skinner et al., 2010). These enzymes within granulosa cells are primarily stimulated by 
FSH. 
Aside from the main function of producing estradiol (McNatty et al., 1984), 
granulosa cells are also responsible for follicle growth and nurturing of the oocyte 
(Eppig, 1994; Andrade et al., 2019). Granulosa cells directly communicate with the 
growing oocyte through gap junctions and have many interactions with the oocyte to 
regulate its growth, progression of meiosis, and transcriptional activity (Fair et al., 1997; 
Kidder & Vanderhyden, 2010; Rodgers & Irving-Rodgers, 2010). The oocyte, in turn, 
communicates with the granulosa cells, influencing their proliferation and steroid 
production (Eppig, 1994). Oocytes also secrete oocyte specific factors that regulate 
granulosa and theca cell functions, including growth differentiation factor 9 and bone 
morphogenic protein 15 (Andrade et al. 2019).  Granulosa and theca cells interact 
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together to influence the oocyte and follicle growth and the oocyte in turn communicates 
with granulosa cells influencing proliferation and steroidogenesis (Kotsuji and Tominaga, 
1994; Hyun et al., 2015). Additionally, granulosa cells produce inhibin that suppresses 
FSH through action on the anterior pituitary gland (Cortvrindt et al., 1997). Once a 
follicle ovulates, the remaining granulosa and theca cells become the corpus luteum (CL), 
which produces progesterone and maintains pregnancy (Henderson and Moon, 1979; 
Meidan et al., 1990). 
1.4 Folliculogenesis and the Bovine Estrous Cycle 
Folliculogenesis is the process during which small primordial follicles develop 
and mature into large antral follicles. This occurs throughout the life of the female, but 
particularly following puberty, and as part of ongoing estrous cycles. In the cow and 
human, the number of follicles within the ovary, termed the ovarian reserve, is 
determined during fetal development. The growth and maturation of the follicles is 
divided into two categories: gonadotropin independent or pre-antral development; and, 
gonadotropin dependent or antral development (Cortvrindt et al., 1997; Knight & Glister, 
2001; Roche, 1996;  Williams & Erickson, 2000). During follicular development, 
follicles are further divided into different stages based upon their histological features, as 
described previously. Growth of follicles from the primordial stage through the secondary 
stage is gonadotropin independent, and is characterized by the growth and differentiation 
of the cells within the follicle and oocyte (Gulyas et al., 1977; Oktay et al., 1998; 
Williams & Erickson, 2000). Follicles that continue to grow to the tertiary stage, forming 
an antrum, are under the influence of gonadotropin stimulations (Oktay et al., 1998). 
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Gonadotropin-induced growth is principally characterized by the increase in size of the 
follicle rather than differentiation of cellular constituents (Williams & Erickson, 2000).   
Follicular development occurs throughout estrous cycles. The bovine estrous 
cycle is approximately 21 days long and can be descriptively divided into the follicular 
and luteal phases. These two phases are then further subcategorized into metestrus, 
diestrus, proestrus, and estrus.  Each estrous cycle is comprised of two to three follicular 
waves of growth in cows (Ginther et al., 1989; Sirois & Fortune, 1988). At the start of 
each cycle, a cohort of antral follicles is recruited to then undergo selection, as described 
above. Numerous follicles are typically recruited in the cohort (Ginther et al., 1996) and 
some of these follicles will be selected to continue to grow, while others undergo atresia. 
This process has been extensively studied (Ginther et al., 1996; Ginther et al., 1999; 
Ireland et al., 2000; Lucy, 2018; Quirk et al., 1986; Sirois & Fortune, 1988; Webb & 
Campbell, 2007), but a clear mechanism to explain follicular fate has not been 
determined. During a fairly well-defined window of time (~8 hours), however, one of the 
selected follicles continues its’ growth, and is called the dominant follicle; while others 
cease growing and are referred to as the subordinate follicles (Ginther et al., 1996; 
Ginther et al., 1997, 2001). Once dominance is achieved during the first follicular wave, 
the dominant follicle also regresses, triggering an onset of a second follicular wave 
(Ginther et al., 1996; Sunderland et al., 1994). The CL that forms following ovulation 
remains functional during the first and possibly the second follicular wave. The 
progesterone produced from the corpus luteum inhibits an LH surge that otherwise would 
trigger ovulation of these dominant follicles (Schams et al., 1977; Calder et al., 1999). As 
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dominance is achieved during the second or third follicular wave, the decline of 
progesterone coincident with regression of the CL, enables the dominant follicle to 
respond to surging concentrations of LH and will ovulate (Kaneko et al., 1995; Beg and 
Ginther, 2006). The site of rupture of the follicle becomes the newly formed CL 
(sometimes referred to as a corpus hemorrhagicum) of the next estrous cycle. It continues 
to grow and secretes progesterone to sustain a pregnancy should conception occur 
(Henderson and Moon, 1979; Meidan et al., 1990). In the absence of conception, the 
corpus luteum undergoes spontaneous regression, eventually forming scar tissue called a 
corpus albicans (Davis et al., 1987). 
 Estrus, known as standing heat, is often defined as Day 0 of the estrous cycle and 
precedes ovulation. Key hormones regulate the estrous cycle and include; gonadotropin 
releasing hormone (GnRH), follicle stimulating hormone (FSH), LH, progesterone, 
estradiol, inhibin, and prostaglandin F2α (PGF). GnRH is released from the 
hypothalamus and stimulates the release of LH and FSH from the anterior pituitary 
(Schally et al., 1971; Marian and Conn, 1979). FSH secretion coincides with the 
beginning of each follicular wave and is thought to aid in the growth of developing 
follicles during recruitment (Ginther et al., 1996; Ginther et al., 1997). However, FSH 
secretion is not sustained throughout the cycle, and so growing follicles must rely on LH 
secretion and responsiveness for continued growth (Price & Webb, 1988; Xu et al., 
1995). The follicles that remain responsive to both FSH and LH will continue to grow 
during follicular waves, whereas those lacking responsiveness to LH will cease growing 
and undergo atresia (Campbell et al., 2003; Ginther et al., 1996; Ginther et al., 2001; 
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Webb & Campbell, 2007). Inhibin is also produced by growing follicles and suppresses 
FSH secretion, particularly during the process of follicle selection (Price and Webb, 
1988; Beard et al., 1990; Glister et al., 2001). LH is secreted in a pulsatile manner 
throughout the cycle, surging only at the time of ovulation, and triggering ovulation to 
occur (Beck and Convey, 1977; Schams et al., 1977). However, for an LH surge to occur, 
a threshold of estradiol secretion must first be met, stimulating LH secretion in a positive 
feedback loop (Webb and Campbell, 2007). Estradiol is produced by growing follicles, 
with the amount produced by each follicle increasing concomitantly with follicle size. 
Once ovulation occurs, a corpus luteum (CL) will form at the site of ovulation. The CL 
functions to maintain pregnancy by producing progesterone (Henderson and Moon, 1979; 
Meidan et al., 1990). If pregnancy does not occur, PGF produced by the uterine 
endometrium will induce regression of the CL (Davis et al., 1987). PGF causes luteolytic 
effects such as the decrease in progesterone production and the elimination of luteal 
tissue (Davis et al., 1987; Miyamoto and Shirasuna, 2009).  
1.5 Postpartum Cyclicity 
For a relatively short period of time following parturition, dairy cows exhibit 
anestrus to allow for uterine involution and repair (Peter et al., 2009). This period of 
anestrus is expected, and typically lasts around 30 days. Following parturition, most of 
the cow’s intake of energy is shunted towards lactation- a metabolically demanding 
process that requires large amounts of energy (Montiel and Ahuja, 2005). Other equally 
demanding functions, such as reproduction, are not the priority for nutrient utilization. 
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Thus, many metabolic changes occur in the cow which cause certain individuals to 
remain in a state of anestrus for an extended time during the postpartum period.  
Typically, high producing dairy cows exhibit anestrous or anovulation for longer 
periods of time than their lower producing counterparts (Peter et al., 2009). In some 
sense, lactation alone contributes to this anovulation. For a time, it was widely accepted 
that a suckling calf or mammary stimulation causes inhibition of gonadotropin release 
from the anterior pituitary, thus dysregulating hormonal actions of FSH and LH (Montiel 
and Ahuja, 2005). However, others suggest that for dairy cows, mammary stimulation 
alone is insufficient to cause the anestrus period (Williams et al., 1993). As dairy cows 
are not typically in contact with their calves postpartum, lactation remains the primary 
contributor of anestrus. 
During the transition period (i.e., the period from the non-lactating, dry period 
into lactation), it is common for dry matter feed intake of dairy cows to decline, thus 
restricting the amount of energy and nutrients available to the animal (Butler & Smith, 
2010). It is also clear that postpartum nutrition plays a critical role in the resumption of 
reproductive cyclicity in cows because anestrus can result from negative energy balance 
(NEB) (Beam & Butler, 1998). When the animal is unable to consume sufficient energy 
to meet her own body’s energy demands, NEB occurs (Bauman and Bruce Currie, 1980). 
This phenomenon is also associated with a disruption or absence of GnRH pulses, which 
impair FSH and LH secretion (True et al., 2011). Other theories about acyclicity relate to 
the metabolic profile of follicular fluid and its impacts on follicular cells (i.e., granulosa 
cells, theca cells, oocyte). 
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The components of ovarian follicular fluid may be a good indication of relative 
systemic metabolic status of the cow during the postpartum period (Butler et al., 2006; 
Cheong et al., 2016; Leroy et al., 2008; Leroy, et al., 2004; Shehab-El-Deen et al., 2010; 
Staples et al., 1990; Wankhade et al., 2017). Follicular fluid is an exudate of blood serum 
and the secretory products of follicular cells. As metabolic changes occur in the 
postpartum dairy cow from NEB or other physiological demands (e.g., stress, infection), 
they are often translated into alterations of constituents of the follicular fluid (Katz et al., 
2010; Cheong et al., 2016; Yenuganti et al., 2016; Sharma et al., 2019). Follicular fluid 
provides the microenvironment in which the granulosa cells and oocyte grow and mature; 
whereas harmful components within the follicular fluid could negatively impact these 
cells. For instance, biochemical changes in high producing, postpartum dairy cows are 
mirrored by constituent components in the follicular fluid (Forde et al., 2016; Leroy et al., 
2004). In particular, glucose, total protein, triglycerides and total cholesterol decrease in 
the follicular fluid following parturition; whereas, serum urea, beta hydroxybutyrate 
(BHBA), and non-esterified fatty acids increase. In general, these observations are 
consistent with the relative changes of these same metabolites measured in the serum of 
systemic blood (Leroy et al., 2004a; Forde et al., 2016). Glucose is accepted as the 
preferred energy source of granulosa cells, which in turn nurtures the oocyte and provides 
for follicular growth, maturation, and steroidogenesis. However, the concentration of 
glucose in follicular fluid is greater than that seen in serum, suggesting the follicle is 
potentially protected from hypoglycemic conditions often seen in postpartum cows 
(Leroy et al., 2004a). Collectively, these studies provide groundwork for future 
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investigations, because all of the measured metabolites described here have the potential 
to directly influence follicular function. Beyond glucose, other components of follicular 
fluid also impact folliculogenesis, especially during the postpartum period. For example, 
low cholesterol availability limits steroidogenesis during the postpartum period because it 
is the precursor to all steroid hormones (Shehab-El-Deen et al., 2010). The serum 
markers, BHBA and NEFA, are used to identify animals in NEB and have detrimental 
effects on follicles, cell proliferation and steroidogenesis (Jorritsma et al., 2004; Leroy et 
al., 2005) .  
In recent work focused on the steroid hormone profile of follicles of early 
postpartum cows, new insights have been gained. For instance, Cheong and coworkers 
discovered that follicles during the early postpartum period may be steroidogenically 
insufficient (Cheong et al., 2016). Studies prior to this determined that cows that ovulate 
the first dominant follicle postpartum have higher circulating concentrations of estradiol 
than those that fail to ovulate (Beam and Butler, 1997, 1998; Butler et al., 2006; Katz et 
al., 2010). The Cheong study evaluated whether the decreased estradiol of nonovulatory 
follicles was attributed to deficiencies in theca or granulosa function (Cheong et al., 
2016). Ultimately, they determined theca cell function is impaired as a consequence of 
reduced LH pulse frequency (Cheong et al., 2016). Similar studies attribute the 
impairment to insulin resistance (Canfield and Butler, 1990). It is likely that many dairy 
cows exhibit postpartum insulin resistance, an inability of muscle, fat, and liver cells to 
respond to insulin. Glucose uptake in most cells is insulin dependent (Ebeling et al., 
1998). Cells unable to obtain glucose develop an insulin resistant state (Ebeling et al., 
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1998). Consequently, systemic glucose levels remain high while the pancreas continues 
to produce more insulin for glucose uptake. In dairy cows, insulin resistance develops 
during pregnancy or lactation, but the mechanisms are not fully understood (De Koster 
and Opsomer, 2013). Nevertheless, this decreased sensitivity to insulin delays resumption 
of ovarian cyclicity, ovulation, and steroid production (Cheong et al., 2016). In humans, 
granulosa cells exhibit insulin resistance (Coffler et al., 2003), but this phenomena has 
not yet been directly studied in dairy cows. 
Insulin increases granulosa and theca cell steroidogenesis by enhancing 
responsiveness to FSH and LH (Poretsky and Kalin, 1987). Thus, insulin resistance likely 
contributes to the decreased steroidogenic capacity of the postpartum follicle. Postpartum 
diets for cows that favor increased serum insulin concentrations also augment ovulation 
and conception rates at first service (Gong et al., 2002). Conversely, systemic insulin 
resistance impairs estradiol production by the dominant follicle and causes anovulation 
(Cheong et al., 2016). As low glucose and insulin concentrations are typically observed 
during postpartum NEB, low insulin-like growth factor-1 (IGF-1) and high growth 
hormone (GH) concentrations are also observed. In a state of low insulin and IGF-1, the 
cow remains hypoglycemic (Lucy, 2016). All of these physiological disruptions lead to 
compromised steroidogenic capacity of the dominant follicles, which commonly occurs 
during the postpartum period, and results in anovulation. 
1.6 Glucose Metabolism in Granulosa cells 
Glucose is the preferred energy substrate for granulosa cell metabolism (Campbell 
et al., 2010). Glucose provides important substrates for ATP production, cell signaling, 
14 
 
and cell maintenance. Granulosa cells primarily obtain glucose by facilitated diffusion 
and activation of the GLUT transporters 1,2, 3, and 4. These transporters are expressed in 
granulosa and theca cells of antral follicles, suggesting multiple pathways for glucose 
uptake (Williams et al., 2001; Campbell et al., 2010; Zhang et al., 2012). The glucose is 
then metabolized through glycolysis, the pentose phosphate pathway, the polyol pathway, 
and the hexosamine biosynthesis pathway (HBP) (Kim et al., 2010). Quantitative 
differences in ovarian arterial and venous concentrations of glucose indicate that large 
amounts of glucose are metabolized by the follicle (Rabiee et al., 1997; Scaramuzzi et al., 
2010). When compared to other monosaccharides such as fructose and galactose, glucose 
has the greatest capacity to promote cell proliferation and estradiol production (Campbell 
et al., 2010). Glucose is also more potent than lactate or pyruvate in promoting granulosa 
cell proliferation and survival (Nandi et al., 2008; Hamid et al., 2011). A large 
accumulation of lactate in follicular fluid suggests that the follicle and granulosa cells, in 
particular, preferentially metabolize glucose through glycolysis rather than oxidative 
metabolism (Leroy et al., 2004b; Orsi et al., 2005a; Nandi et al., 2007, 2008). Campbell 
and coworkers found that in sheep granulosa cells, glucose is metabolized to lactate (i.e., 
glycolytic metabolism), and is the preferred pathway for gonadotropin-induced 
differentiation (Campbell et al., 2010). In other species such as pigs, granulosa cells of 
small antral follicles undergo rapid cell proliferation, which is accompanied by a 
metabolic shift away from aerobic respiration (Costermans et al., 2019). This 
phenomenon, known as the Warburg Effect, is commonly observed in rapidly 
proliferating cells, including, cancer cells, wherein accelerated conversion of glucose to 
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lactate occurs (Warburg, 1925). In the Costermans study (2019), as small follicles grew 
to large follicles, the rate of granulosa cell proliferation diminished overtime. However, 
granulosa cells of large follicles also express maturation markers, including IGF-1, and 
angiopoetin-1, alluding to their high degree of differentiation (Costermans et al., 2019). 
Interestingly, glucose utilization by granulosa cells of preantral follicles is stimulated by 
paracrine factors of oocytes, which favor glycolysis and do not respond to TCA-cycle 
stimulating factors (Sugiura et al., 2005).  
The glycolytic rate of granulosa cells is modulated by gonadotropins (Allen et al., 
1981; Boland et al., 1993, 1994). Specifically, FSH stimulates lactate and estradiol 
secretion; whereas, LH stimulates lactate production but impairs estradiol secretion and 
ovulation rate (Boland et al., 1993). Studies have also focused on the role of 
gonadotropins on glucose uptake. Gonadotropins stimulate glucose uptake in part by 
regulating facilitated diffusion (Allen et al., 1981). In whole ovary cultures, FSH and LH 
stimulate glucose uptake (Armstrong and Greep, 1962; Ahrén and Kostyo, 1963; 
Hamberger and Ahrén, 1967; Armstrong, 1968), which also occurs in granulosa cells 
(Boland et al., 1994).  
The glucose transporters, GLUT 1, 2, 3 and 4 are regulated by a variety of 
reproductive hormones. Both FSH and IGF-1 stimulate GLUT1 (Kodaman and Behrman, 
1999). FSH stimulates lactate production, through upregulation of glycolytic metabolism 
(Hillier et al., 1985). LH stimulates both glucose uptake and glycolysis in granulosa cells. 
When treated with LH, glycolytic enzymes including hexokinase and PFK, are 
upregulated in granulosa cells (Flint and Denton, 1969).  Glucose uptake in granulosa 
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cells occurs by interleukin-1 stimulation of GLUT1 and 3 (Kol et al., 1997) and by 
insulin/IGF-1 stimulation of GLUT 4 (Dupont and Scaramuzzi, 2016). In the case of 
insulin/IGF-1, GLUT 4 is mobilized to the plasma membrane via an IP3-mediated 
cascade (Dupont and Scaramuzzi, 2016). Stimulation of the cAMP/ PKA pathway by 
glucagon or norepinephrine also regulates glucose uptake (in this instance inhibits) in 
granulosa cells via GLUT 2 (Zhang et al., 2012). Essentially, PKA phosphorylates GLUT 
2, which then suppresses GLUT2 activity and inhibits glucose uptake (Zhang et al., 
2012). 
Progesterone and estrogen influence glucose uptake in a variety of tissues, but 
evidence in granulosa cells is not conclusive. In other cell types, progesterone impairs 
glucose uptake indirectly by negating insulin effects. For example, progesterone 
suppresses IRS-1 receptors and downregulates the PI3K pathway in adipocytes (Wada et 
al., 2010). Estrogen seems to have opposing effects on glucose uptake. In one study, 
estrogen decreased glucose uptake; but in the presence of insulin, increased glucose 
uptake (Shamoon and Felig, 1974). Stimulation of the estrogen receptor α (ERα) 
stimulates insulin signaling and GLUT4 expression, thus increasing glucose uptake 
(Gupte et al., 2015). Conversely, actions of estrogen receptor β(ERβ) suppress GLUT4 
expression and decreases glucose uptake (Gupte et al., 2015). Collectively, glucose 
uptake of granulosa cells is mediated by many hormones and signaling pathways, leaving 




1.7 Nutrient Sensing Pathways in Granulosa Cells 
Several pathways that monitor nutrient availability, also referred to as nutrient 
sensing pathways, are active within granulosa cells and regulate many cellular activities. 
Such pathways include the insulin/insulin like growth factor-1 (IIS), the mechanistic 
target of rapamycin (mTOR), and AMP-activated mitogen protein kinase (AMPK) 
pathways. Insulin signaling mediates both granulosa cell proliferation and steroid 
production. The IIS pathway is influenced by prevailing insulin concentrations, which are 
altered in response to circulating nutrient availability and the cell’s metabolic demands. 
Insulin concentrations fluctuate following stimulation or repression of pancreatic β cells, 
and respond to circulating amounts of glucose, specific amino acids free fatty acids, and 
various hormones (Fu et al., 2013). Insulin stimulates granulosa cell proliferation, as well 
as FSH- and LH-induced steroidogenesis (Campbell et al., 1995). Another energy sensor, 
the mTOR pathway, is reliant on growth factors, cytokines, oxygen availability, amino 
acids, and signals from IIS and AMPK to affect its activity (Saxton and Sabatini, 2017). 
In granulosa cells, mTOR stimulates granulosa cell proliferation, prevents atresia and 
promotes overall follicle growth because its inhibition impairs these effects (Yaba et al., 
2008). The AMPK pathway is a highly conserved energy sensor responsive to 
endogenous levels of ADP, AMP and calcium. It is activated by the lack of availability of 
these constituents, and then stimulates glucose and fatty acid uptake, glycolysis, β-
oxidation, and mitochondrial biogenesis (Hardie et al., 2012; Bertoldo et al., 2015). 
Concomitantly, AMPK down-regulates pathways that synthesize lipids, carbohydrates, 
proteins or ribosomal RNA to conserve cellular energy (Hardie et al., 2012; Bertoldo et 
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al., 2015). Interestingly, in granulosa cells, AMPK activation opposes the actions of IIS 
and mTOR. Specifically, it suppresses FSH and IGF-1 induced cell proliferation and 
steroidogenesis (Tosca et al., 2005). In non-ovarian cell types, the AMPK pathway is 
linked to another nutrient sensing pathway of interest to the current study, the 
hexosamine biosynthesis pathway and O-GlcNAcylation. The two pathways influence 
each other as AMPK phosphorylates the very enzymes required for O-GlcNAcylation (Li 
et al., 2007; Eguchi et al., 2009a; Gélinas et al., 2018). However, AMPK can also be O-
GlcNAcylated (Luo et al., 2007; Bullen et al., 2014; Xu et al., 2014; Gélinas et al., 2018), 
indicating the two energy sensors regulate activities of each other. It is the novelty of O-
GlcNAcylation and its nutrient sensing role within cells that make it novel to investigate 
in the context of granulosa cells function, which is the subject of the current study.  
 
1.8 O-GlcNAcylation 
O-linked N-acetylglucosaminylation (O-GlcNAcylation) is a form of 
glycosylation in which sugar moieties are added to hydroxyl groups of serine and 
threonine residues of cellular proteins that might otherwise undergo phosphorylation 
(Bond and Hanover, 2015). It is a highly conserved posttranslational modification that 
occurs through the hexosamine biosynthesis pathway, an alternate route for glucose 
metabolism in the cell (Hart and Akimoto, 2009). In fact, 2-5% of all glucose in the cell 
is metabolized through the HBP (Wells et al., 2003). O-GlcNAcylation is principally 
regulated by two enzymes that function in a cyclical manner, similar to the process of 
phosphorylation and dephosphorylation. The enzyme O-GlcNAc transferase (OGT) adds 
the N-acetylglucosamine (GlcNAc) sugar from the donor substrate, UDP-GlcNAc, to 
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proteins; whereas O-GlcNAcase (OGA), removes these sugars (Wells et al., 2003). Since 
its discovery in 1984, over 800 cellular proteins have been identified as undergoing O-
GlcNAcylation (Wang et al., 2011). O-GlcNAcylated proteins are abundant in the 
nucleus, specifically nuclear pore proteins, but are also ubiquitous in the cytoplasm and 
cell membrane. About 25% of the identified O-GlcNAcylated proteins, to date, are 
transcription factors or transcription regulatory factors, but many others likely contribute 
to cellular signaling, metabolism, and stress response (Hart and Akimoto, 2009). The 
abundance of O-GlcNAcylation and its effects on proteins make it highly relevant to 
cellular function. Notably, in the absence or hinderance of O-GlcNAcylation, many 
proteins often undergo phosphorylation, which drastically alters their activities (Copeland 
et al., 2008). The process of O-GlcNAcylation is highly dependent on nutrient 
availability, and thus is proposed as a nutrient sensing mechanism that regulates cellular 





Figure 1. Glucose metabolism through the hexosamine biosynthesis pathway 
and O-GlcNAcylation. 
1.8.1 Manipulation of O-GlcNAcylation 
 O-GlcNAcylation can be manipulated in cells by controlling glucose 
availability, which increases or decreases O-GlcNAcylation of endogenous proteins, or 
by altering the activities of the enzymes that metabolize glucose through the HBP. 
Alternatively, O-GlcNAcylation can be manipulated directly by controlling the actions of 
the OGT and OGA enzymes (Yuzwa et al., 2008; Ortiz-Meoz et al., 2015).  
 One mechanism to prevent O-GlcNAcylation can be achieved by targeting the 
rate limiting enzyme of the HBP, glutamine fructose-6-phosphate aminotransferase 
(GFAT). The GFAT enzyme can be targeted with small molecule inhibitors such as 6-
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Diazo-5-oxo-L-norleucine  (DON) and azaserine (Marshall et al., 1991; McClain and 
Crook, 1996; Kolm-Litty et al., 1998; Wu et al., 1999). O-GlcNAcylation can also be 
impaired by inhibiting OGT, thus preventing the addition of O-GlcNAc sugars to 
proteins. OGT is inhibited by the molecules OSMI-1, OSMI-4, and alloxan (Lenzen and 
Panten, 1988; Lee et al., 2006; Ortiz-Meoz et al., 2015).  Conversely, augmentation of O-
GlcNAcylation can occur by inhibiting OGA, which otherwise strips the O-GlcNAc 
sugars from proteins. The molecules Thiamet-G, streptozotocin (STZ), and PUGNAc 
have this inhibitory effect on OGA (Horsch et al., 1991; Kim et al., 2006; Lee et al., 
2006; Yuzwa et al., 2008).  
Direct knockout of the OGT and OGA enzymes via genetic manipulation is also 
possible, but this usually results in detrimental outcomes. Complete genetic knockout of 
OGT, for instance, is embryonic lethal and toxic to cultured cells (Shafi et al., 2000). It 
also prevents somatic cell function (O’Donnell et al., 2004). OGA knockout results in 
embryonic or neonatal lethality, with detrimental effects that include mitotic defects, 
binucleation, chromosome lagging, and growth defects (Yang et al., 2012). Metabolic 
deficiencies also occur, including low circulating concentrations of glucose and depleted 
storage of liver glycogen (Keembiyehetty et al., 2015). Thus, it is clear that O-
GlcNAcylation is essential to cellular functions and must be regulated in a homeostatic 
manner. 
1.8.2 O-GlcNAcylation and Insulin Resistance 
Dysregulation of O-GlcNAcylation is associated with many diseases. Hypo-O-
GlcNAcylation is connected with neurodegenerative diseases including Alzheimer’s, 
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Parkinson’s, and Lou Gehrig’s disease (Zachara and Hart, 2004). One of the better 
understood connections of O-GlcNAcylation and disease is with diabetes. Increased O-
GlcNAc in adipocytes and/or muscle cells blocks insulin signaling, leading to insulin 
resistance (Ma and Hart, 2013). Overexpression of OGT results in hyper-O-
GlcNAcylation and a diabetic-like state (Ma and Hart, 2013). As glucose is metabolized 
through the HBP, it is first converted to glucosamine, which concomitantly elevates 
UDP-GlcNAc availability and increases O-GlcNAcylation. Abnormal increases in O-
GlcNAcylation, typical of  hyperglycemic or hyperinsulinemic states, disturb the balance 
between O-GlcNAcylation and O-phosphorylation  of cellular proteins (Hart and 
Akimoto, 2009). These two processes control cellular signaling, transcription, and other 
cellular functions which if left unchecked could lead to glucose toxicity, often associated 
with diabetes (Hart and Akimoto, 2009). Hyperinsulinemia can result from hyper-O-
GlcNAcylation of PDX-1, a protein that controls the transcription of insulin (Fu et al., 
2013). Basically, hyper-O-GlcNAcylation of PDX-1 increases the transcription of the 
prohormone insulin (Fu et al., 2013). In the diabetic states, the transcription factor, Sp1, 
is also hyper-O-GlcNAcylated, which can either enhance or suppress the transcription of 
various genes characteristic of this disease (Hart and Akimoto, 2009). Additionally, 
recent evidence suggests that hyper-O-GlcNAcylation of the GLUT4 vesicle protein, 
Munc18, inhibits glucose transport in diabetic individuals (Hart and Akimoto, 2009).  
1.8.3 O-GlcNAcylation Regulates Cell Proliferation 
The effects O-GlcNAcylation on cell proliferation is best understood in cancer 
cells. Not only does altering the state of O-GlcNAcylation affect cell proliferation, but 
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many of the regulatory molecules that control cell proliferation are in fact modified by O-
GlcNAc. Some of these proteins include H11, SRC, and proteins of MAPK/ERK 
signaling (Dias et al., 2012). Additionally, cell cycle proteins including CDK2, casein 
kinase 2 and CLK are modified by O-GlcNAc which inhibit cell cycle progression and 
prevent cell proliferation (Hart et al., 2011; Dias et al., 2012). Thus, some degree of O-
GlcNAcylation is necessary to regulate homeostasis and the proliferative capacity of the 
cell. However, extremes of O-GlcNAcylation (e.g., hypo- and hyper-O-GlcNAcylation) 
are generally viewed as having a negative impact on cellular functions. For instance, 
inhibition of O-GlcNAcylation impairs proliferation of cancer and immortal cells lines 
(Jaskiewicz and Townson, 2019; Jaskiewicz et al., 2017; Steenackers et al., 2016; Wang 
et al., 2019; Yi et al., 2012).  Jiang et al., 2016 showed a direct connection between 
manipulated states of O-GlcNAcylation and the mechanisms of concomitant altered cell 
proliferation (Jiang et al., 2016). Specifically, they determined that inhibition of O-
GlcNAcylation, via silencing of OGT, impairs cell viability through downregulation of 
cdk-2, cyclin D1 and ERK 1/2 pathways (Jiang et al., 2016). Alternatively, enhancement 
of O-GlcNAcylation promotes cell cycle progression and proliferation through the 
upregulation of the same pathways(Jiang et al., 2016), and is similar to the rapid cell 
proliferation observed in cancer cells (Jiang et al., 2016). 
1.8.4 O-GlcNAcylation in Reproductive Tissues 
Although study of O-GlcNAcylation in granulosa cells is original, there is 
evidence of O-GlcNAcylation in oocytes, cumulus-oocyte-complexes (COC), and sperm 
(Dehennaut et al., 2008; Frank et al., 2013, 2014; Li et al., 2018; Sutton-McDowall et al., 
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2006; Tourzani et al., 2018).  Direct stimulation of the HBP via glucosamine 
supplementation impairs post-compaction embryonic development in bovine and murine 
embryos (Schelbach et al., 2010; Sutton-McDowall et al., 2006). Glucosamine 
supplementation also decreases oocyte competence through an increase in HSP90 
expression (Frank et al., 2014). This result, however, is reversed by the OGT inhibitor, 
benzyl 2-acetamido-2-deoxy-α-D-galactopyranoside (BADGP) (Frank et al., 2014). 
Complete inhibition of the HBP compromises cumulus expansion (Gutnisky et al., 2007). 
O-GlcNAcylation is also essential for the G2/M transition in Xenopus laevis oocytes, 
with more than 20 proteins affecting in cell shape and architecture, metabolism, and 
translation (Dehennaut et al., 2007, 2008). Enhancement of O-GlcNAcylation has no 
known negative effects on oocytes or cumulus cells, but zygote formation is severely 
impaired (Zhou et al., 2019). Collectively, these studies illustrate that O-GlcNAcylation 
occurs within the oocyte and surrounding cumulus cells and its regulation is important 
through specific phases of embryonic development following fertilization.   
A connection between O-GlcNAcylation and hormone production is not yet 
established, but there is evidence that O-GlcNAcylation affects hormone responsiveness. 
For instance, the estrogen receptor (ER) α and β are  O-GlcNAcylated (Cheng and Hart, 
2000, 2001). For ER α, chemotherapeutics induce O-GlcNAcylation, which in turn 
inhibit expression of the receptor on targeted cancer cells (Kanwal et al., 2013). 
However, mutation of the O-GlcNAc site of ER β impairs its transcriptional ability, 
principally decreasing the stability of the receptor and promoting its degradation. (Cheng 
and Hart, 2001; Hart and Sakabe, 2006). 
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1.8.5 Glycolysis and O-GlcNAcylation 
Enzymes of the glycolytic pathway include aldolase, glyceraldehyde-3-phosphate 
dehydrogenase, α-enolase, pyruvate kinase, pyruvate dehydrogenase, and the α and β 
chains of lactate dehydrogenase, all of which undergo O-GlcNAc modification 
(Dehennaut et al., 2008). Other metabolic enzymes, including creatine kinase, 
transketolase, glutathione S-transferase, enolase, phosphofructokinase (PFK) and 
adenosylhomo-cysteinase B undergo this modification as well (Dehennaut et al., 2008; Yi 
et al., 2012; Champattanachai et al., 2013).  For this reason, it is conceivable that nutrient 
sensing via O-GlcNAcylation and glucose metabolism through glycolysis, are intimately 
linked. 
The Warburg Effect is a phenomenon characterized by the metabolic shift from 
aerobic glycolysis without completion of oxidative respiration. It is most commonly 
observed in rapidly proliferating cancer cells, wherein accelerated conversion of glucose 
to lactate occurs (Warburg, 1925). The Warburg Effect is mechanistically linked to O-
GlcNAcylation because several glycolytic enzymes of the Warburg Effect, including 
phosphofructokinase 1, enolase, and other enzymes listed above, are also targets of O-
GlcNAcylation (Dehennaut et al., 2008; Yi et al., 2012; Champattanachai et al., 2013). O-
GlcNAcylation of enolase and phosphofructokinase impairs their activity, resulting in 
metabolic shifts within the cell (Champattanachai et al., 2013). The observations further 
support the idea that O-GlcNAcylation regulates the rate of glycolysis. Further, in 2017, 
it was observed that O-GlcNAcylation destabilizes the PKM2 isoform of pyruvate kinase 
in a variety of cancer cells (Wang et al., 2017). Pyruvate kinase catalyzes the final step of 
26 
 
glycolysis to produce pyruvate. O-GlcNAcylation of pyruvate kinase reduces its activity, 
which concomitantly increases glucose consumption and lactate output. Hence, O-
GlcNAcylation of pyruvate kinase promotes the Warburg Effect (Wang et al., 2017). O-
GlcNAcylation is also associated with abnormal glycolysis in patients with pre-B acute 
lymphocytic leukemia (Zhang et al., 2017). Patients that express high blood 
concentrations of lactate dehydrogenase, the enzyme required for glycolytic metabolism, 
also have higher levels of O-GlcNAcylation, upregulated OGT, and downregulated OGA, 
than control patients. These alterations are mediated by the PI3K/ Akt/c-Myc pathway 
(Zhang et al., 2017). Knockout of OGT downregulates these glycolytic enzymes and the 
extracellular acidification rate (i.e., a measure of glycolytic metabolism and lactate 
output), providing a direct connection between O-GlcNAcylation and abnormal 
glycolysis in pre-B acute lymphocytic leukemia (Zhang et al., 2017). 
1.9 Rationale and Research Objectives 
The underlying mechanisms influencing postpartum anestrous in dairy cows are 
not fully understood. O-GlcNAcylation is a nutrient sensing mechanism that regulates 
cellular processes such as metabolism, proliferation, and survival. O-GlcNAcylation is an 
alternate route for glucose metabolism and is reliant on glucose availability in the cell. 
Insulin resistance in a phenomenon observed in high producing, postpartum, dairy cows. 
Disruption of O-GlcNAcylation might be a mechanism of this insulin resistance. 
However, the connections among insulin resistance, glucose availability and O-
GlcNAcylation in reproductive disorders have not yet been investigated. Although O-
GlcNAcylation has a large influence on cellular processes, little is known about its effects 
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on ovarian physiology, especially in the context of folliculogenesis. Although glucose is 
the preferred energy source of granulosa cells, glucose metabolism via the HBP is poorly 
understood. The working hypothesis of this study was that O-GlcNAcylation is evident in 
bovine granulosa cells and varies between follicle size. Additionally, it was hypothesized 
that manipulation of O-GlcNAcylation impairs granulosa cell proliferation. Therefore, 
the objectives of the present study were to: 1) Identify and characterize O-GlcNAcylation 
in granulosa cells of bovine antral follicles (small and large), and 2), Determine the 
importance of O-GlcNAcylation on granulosa cell proliferation. 
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CHAPTER 2: EVIDENCE AND MANIPULATION OF O-GLCNACYLATION IN 
GRANULOSA CELLS OF BOVINE ANTRAL FOLLICLES 
2.1 Introduction 
O-linked N-acetylglucosaminylation (O-GlcNAcylation) is a form of post-
translational glycosylation of cellular proteins in which sugar moieties are added to serine 
and threonine residues that might otherwise undergo phosphorylation (Comer and Hart, 
2000; Bond and Hanover, 2015). The process is highly- conserved and occurs through the 
hexosamine biosynthesis pathway (HBP), an alternate path for glucose metabolism in the 
cell. As much as 2-5% of all glucose in the cell is metabolized through the HBP. The 
enzyme, O-GlcNAc transferase (OGT) adds the GlcNAc sugar from the donor substrate, 
UDP-GlcNAc, to proteins. Conversely the enzyme, O-GlcNAcase (OGA), removes these 
same GlcNAc sugars from proteins. These two enzymes are the sole enzymatic regulators 
of O-GlcNAcylation and work to influence O-GlcNAcylation in a cyclic manner (Bond 
and Hanover, 2015). The process of O-GlcNAcylation is highly-dependent on nutrient 
availability and is proposed as a nutrient-sensing mechanism within the cell, similar to 
the functions of AMP- activated protein kinase(AMPK), insulin/IGF-1 signaling (IIS) 
and mammalian target of rapamycin (mTOR) (Hardie et al., 2012; Hardivillé and Hart, 
2014; Efeyan et al., 2015). O-GlcNAcylation regulates cellular processes such as 
proliferation, signal transduction, and metabolism and is responsive to many aspects of 
cellular stress (Hart et al., 2011). For instance, O-GlcNAcylation increases when many 
cell types are exposed to heat stress, or hypoxia (Hart et al., 2011). The increase in O-
GlcNAcylation in response to stress is considered a protective mechanism for cell 
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viability (Chatham and Marchase, 2010). Additionally, O-GlcNAcylation modulates cell 
signaling, similar to phosphorylation, and kinases can be O-GlcNAcylated (Dias et al., 
2012). Several of these kinases that are subject to either O-GlcNAcylation or 
phosphorylation are part of signaling pathways such as MAPK (ERK5, MAPK14, 
STK24/25), cell cycle progression (CDK2, casein kinase 2, CLK), cell proliferation 
(H11, SRC), cell metabolism (pyruvate kinase, SNARK, protein kinase C), transcription 
(BRD3), and cell death (STK24) (Dias et al., 2012).  
Several nutrient sensing pathways that impact granulosa cell (GC) function and 
folliculogenesis include AMPK, IIS, and mTOR. Activation of AMPK hinders FSH and 
IGF-1 induced GC proliferation, and impairs progesterone and estradiol secretion. 
(Kayampilly & Menon, 2009;  Tosca et al., 2006; Tosca et al., 2005, 2010). Stimulation 
of insulin signaling supports granulosa cell proliferation and FSH induced estradiol 
secretion (Campbell et al., 1995). Lastly, inhibition of mTOR reduces GC proliferation 
and impedes follicle growth in vitro (Yaba et al., 2008). Although O-GlcNAcylation 
influences cellular processes, there is little known about its role in ovarian physiology, 
folliculogenesis, or for that matter, GC metabolism. Glucose is the preferred energy 
substrate of GCs, but glucose metabolism in the growing follicles remains poorly 
understood, especially as it pertains to the HBP and alternate pathways of glucose 
utilization. The possibility exists that the HBP in conjunction with O-GlcNAcylation 
controls many cellular processes of GCs, including metabolism and proliferation, which 




In this study, glucose metabolism in the GCs of bovine ovarian follicles was 
evaluated in context of the HBP. Our objectives were to assess O-GlcNAcylation in 
bovine GCs of antral follicles of different sizes (i.e., small and large), and evaluate the 
effects of O-GlcNAcylation on GC function. It was hypothesized that O-GlcNAcylation 
in GCs differs between follicle size and impacts GC proliferation. This study is the first 
to report the presence of O-GlcNAcylation in GCs of bovine antral follicles, and its 
positive impact of GC proliferation.  
2.2 Materials and Methods 
2.2.1 Granulosa Cell Isolation and Follicular Fluid Collection 
Pairs of bovine ovaries were collected from an abattoir (Champlain Beef, Whitehall, NY) 
and transported to the laboratory in 0.9% sterile saline with antibiotic-antimycotic 
(10,000 units/mL of penicillin, 10,000 µg/mL of streptomycin, and 25 µg/mL of Gibco 
Amphotericin B) (Gibco, Gaithersburg, MD) at room temperature for processing within 
4-6 hours of slaughter. The ovaries were morphologically staged to the estrous cycle 
based upon the visual appearance of the corpus luteum (Ireland et al., 1980). Only ovaries 
within the mid-to-late estrous cycle, were used. Small antral follicles (3-5 mm) (12-24 
follicles per ovary pair) were aspirated with a 21-gauge needle and 3mL luer lock syringe 
and the granulosa cells (GCs) were pooled into a single sample. Large antral follicles 
(>10 mm) were dissected from the ovary and aspirated to obtain GCs. Only the largest 
follicle from each ovary pair was aspirated for collection. After aspiration of the large 
follicles, the follicles were then sliced and scraped with a 5mm rubber policeman. All 
samples were centrifuged at 84 x g for 10 minutes at 4◦C to separate GCs from the 
31 
 
follicular fluid. The follicular fluid was separated, aliquoted, and frozen at -80◦C until 
further analyses were performed. The cell pellets were resuspended in 1X Red Blood Cell 
Lysis Buffer (#5831, Biovision, Milpitas, CA) and centrifuged for 5 minutes at 84 x g to 
eliminate red blood cells (RBC).  
2.2.2 Granulosa Cell Lysis 
After RBC lysis, GCs were resuspended in PBS in preparation for lysis. Suspensions 
were centrifuged at 2655 x g for 10 minutes at 4◦ C and the PBS wash was repeated. PBS 
was removed, and the cells were resuspended in RIPA lysis buffer (20 mM Tris HCl, 150 
mM NaCl, 1 mM EDTA, 1 mM EGTA, 1% TritonX 100) with HALT 
protease/phosphatase inhibitor (Thermo Scientific, Waltham, MA) for 10 minutes. Each 
suspension was further lysed via aspiration with a 27-gauge needle (BD, Franklin Lakes, 
NJ). Samples were vortexed for 15 seconds and centrifuged at 15,294 x g for 10 minutes. 
The supernatant was removed, diluted in Lamelli sample buffer and boiled at 100◦ C for 
1-3 minutes. Initial protein quantification and standardization was not performed because 
of limited sample abundance. Instead, samples were normalized to the total protein 
present within the gels prior to transfer by densitometric analyses.  
2.2.3 Immunoblotting 
Lysates of GCs from small and large follicles were used. Protein extracts were separated 
on precast, stain free 10% gels (BioRad, Hercules, CA). Following electrophoretic 
separation, gels were activated and imaged for total protein on the BioRad ChemiDoc 
Imaging System. Proteins were transferred to a PVDF membrane (BioRad) using a semi-
dry transfer system at 45mA for 1 hour (Hoefer, Holliston, MA). Post transfer, the gels 
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were again imaged on the ChemiDoc Imaging System (BioRad) to ensure complete 
transfer of separated proteins. Following protein transfer, the PVDF membranes were 
blocked in Tris-buffered saline (TBS) blocking buffer containing 5% BSA and 
0.2%Tween 20 (TBST; Fisher Bioreagents, Pittsburgh, PA) for 3 hours on a platform 
rocker at room temperature. Membranes were incubated overnight at 4◦ C with mouse 
anti-O-GlcNAc (1:2500, CTD 110.6) or rabbit anti-OGT (1:1000, D1D8Q) primary 
antibodies, both from Cell Signaling Technology (Danvers, MA). Following overnight 
incubation, membranes were washed with TBST under agitation in the following order: 
2X 10-30 seconds, 1X for 15-minutes and 3X for 5-minutes. The membranes were then 
incubated in secondary antibody for 1 hour on a platform rocker at room temperature. 
Goat-anti-mouse (1:5000) and goat-anti-rabbit (1:5000) horseradish peroxidase (HRP) 
conjugated secondary antibodies from Santa Cruz Biotechnologies (Dallas, TX) 
respectively, were used. The membranes were washed as described above and were then 
incubated in Clarity Western ECL Blotting substrate (BioRad) for 5 minutes. 
Immunodetectable proteins were imaged on the ChemiDoc Imaging System (BioRad). 
After imaging, the membranes were stripped using Restore Western Blot Stripping Buffer 
(Thermo Scientific) per manufacturer’s instructions and reprobed for OGT using the 
methods described above. However, the membranes were placed in blocking buffer for 3 
hours at room temperature prior to re-probing. O-GlcNAc and OGT protein values were 
normalized to total protein within the gels prior to immunoblotting. Images were 
analyzed using Image J (National Institute of Health) for protein quantification.  
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2.2.4 Granulosa Cell Culture 
Bovine GCs were collected as described above and seeded into T25 flasks (Corning, 
Tewksbury, MA) in 1:1 DMEM/F12 (Gibco) + 10% fetal bovine serum (Corning) media 
with the addition of an antibiotic-antimycotic regimen (10,000 units/mL of penicillin, 
10,000 µg/mL of streptomycin, and 25 µg/mL of Gibco Amphotericin B) (Gibco). Cells 
were grown for 72 hours, transitioned to serum-free DMEM/F12 media containing 
insulin (100ng/mL)-transferrin (55ng/mL)-selenium (6.7pg/mL) (ITS) and were treated 
with the GFAT inhibitor, DON (50 µM), the OGA inhibitor, Thiamet-G (2.5 µM), or the 
OGT inhibitor, OSMI-1 50 μM based upon previously published studies (Ortiz-Meoz et 
al., 2015; Jaskiewicz et al., 2017). All inhibitors were sourced from Cayman Chemical 
(Ann Arbor, MI), and were used for a period of 4-24 hours. As Thiamet-G and OSMI-
were reconstituted in dimethyl sulfoxide (DMSO) (Fisher Scientific), at 1000X, control 
cultures of GCs were also spiked with 0.1% DMSO. Following treatment, flasks were 
placed on ice and washed three times with 1 mL PBS prior to GC lysis by RIPA buffer. 
Next, PBS was removed and 200-500 µL of RIPA lysis buffer was added for 10 minutes. 
Flasks were then scraped with a cell scraper to remove the GCs from the bottom of the 
flasks. The GCs were collected into 1.5mL microcentrifuge tubes and further lysed by 
aspirating through a 27-gauge needle (BD). Samples were vortexed for 15 seconds and 
centrifuged at 15,294 x g for 10 minutes. The supernatant was removed, and protein was 
standardized using a bicinchoninic acid (BCA) colorimetric assay (Thermo Scientific) 
following manufacturer’s instructions. Absorbance at 562 nm was measured by the 
Synergy HT Plate Reader (Biotek, Winooski, VT). Lysates were diluted in RIPA buffer 
34 
 
and Lamelli sample buffer and boiled at 100◦ C for 1-3 minutes. Electrophoresis and 
immunoblotting of proteins from cultured cell lysates were conducted essentially as 
described above. In this instance, however, protein was quantified using BCA assay and 
10 ng of protein was loaded into each well (25 μL total volume loaded per well). 
Immunoblotting and densitometric analyses were performed as described above and 
performed in triplicate. 
2.2.5 Metabolite Assays 
Samples of follicular fluid from the small and large antral follicles used for 
immunoblotting were assayed for concentrations of glucose and lactate. Commercially-
available colorimetric kits were used for measuring glucose (Sigma, St. Louis, MO, 
MAK263) and lactate (Sigma, MAK064) following manufacturer’s instructions, 
including the development of a standard curve. For the lactate assay, a serial dilution of 
the follicular fluid collected from small follicles in the provided assay buffer (1:100), was 
necessary because of the high concentration of lactate present in neat samples.  
Absorbance at 570 nm was measured by the Synergy HT Plate Reader (Biotek) for both 
glucose and lactate assays.  
2.2.6 Steroid Assays 
Samples of follicular fluid from the small and large antral follicles were assayed for 
concentrations of estradiol and progesterone. Radioimmunoassays were performed in the 
laboratory of Dr. George Perry, South Dakota State University using methods described 
previously (Perry and Perry, 2008). Serial dilutions (1:10-1:100,000) of samples were 
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performed using 1% BSA. The intra-assay coefficients of variation were 3.84 ng/mL and 
4.39 ng/mL for the estradiol and progesterone assays, respectively. 
2.2.7 Granulosa Cell Proliferation Assays 
GCs of small and large antral follicles were aspirated from ovarian pairs as described 
above. The GCs were combined into separate pools each for small and large follicles. The 
GCs were counted and assessed for viability using the TC20 Automated Cell Counter 
(BioRad) and Trypan Blue (GE Healthcare, Marlborough, MA) exclusion staining, 
respectively. Viability for the small follicle pools averaged 20% and for the large pools 
averaged 15%. Cells were seeded in 1:1 DMEM/F12 (Gibco) + 10% fetal bovine serum 
(Corning) media with the addition of an antibiotic-antimycotic regimen (10,000 units/mL 
of penicillin, 10,000 µg/mL of streptomycin, and 25 µg/mL of Gibco Amphotericin B) 
(Gibco) at 5,000 viable cells/well into 96 well plates (Costar, Tewksbury, MA) to attach 
and grow for 36 hours. The GCs were then transitioned to serum-free DMEM/F12 media 
containing insulin (100ng/mL)-transferrin (55ng/mL)-selenium (6.7pg/mL) (ITS), and 
were treated with the GFAT inhibitor, DON (50 µM), the OGT inhibitor, OSMI-1 (50 
µM), or the OGA inhibitor, Thiamet-G (2.5 µM), similar to the cell culture protocol 
described above. After 24 hours of treatment, GC proliferation was measured using the 
CellTiter 96® AQueous One Solution Cell Proliferation Assay (MTS) kit following 
manufacturer instructions (Promega, Madison, WI) including the use of a Synergy HT 




2.2.8 Granulosa Cell Proliferation (Ki-67immunodetection) 
GCs from small and large antral follicles were aspirated and pooled from ovarian pairs as 
described above. Following isolation, the GCs were seeded onto coverslips in 12 well 
plates at a density of 50,000 viable cells/well and allowed to grow for 36 hours. The cells 
were then exposed to Thiamet-G (2.5 µM) or OSMI-1 50 (µM) for 24 hours. Following 
treatment, the cells were washed with PBS + 0.1% BSA (Fisher Bioreagents) and then 
fixed with 10 mL of 100% ice-cold methanol (Fisher Scientific) and incubated at -20◦ C 
for 10 minutes. Fixative was removed, and the cells were washed three times with 1X 
PBS + 0.1% BSA. Subsequently, the coverslips with attached cells were removed from 
the plates and placed cell side down on blocking buffer, 10% normal goat serum (Vector 
Laboratories, Burlingame, CA) + 1X PBS +0.1%BSA, in an incubation chamber for 1 
hour. They were then incubated with rabbit anti-Ki-67 monoclonal antibody (1:200, 
MA5-14520, Invitrogen, Carlsbad, CA) overnight at 4◦ C. The coverslips were then 
washed as described above and incubated in goat anti-rabbit (1:100, Santa Cruz 
Biotechnology) secondary antibody for 1 hour in the dark. After washing, the coverslips 
were incubated in ImmPACT DAB (Vector) for 10 minutes in the dark. The coverslips 
were then rinsed in cold tap water, Scott’s Tap Water Solution for 1 minute, and again in 
cold tap water. The GCs were then counterstained with hematoxylin (Vector) and washed 
with distilled water until clear. The coverslips were mounted using VectaMount AQ 
(Vector) and allowed to dry for 24 hours prior to imaging. Slides were viewed and 
imaged using an Invitrogen EVOS M5000 microscope (Thermo Fisher, Carlsbad, CA). 
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Image analysis was conducted using the Cell Counter function on ImageJ (National 
Institute of Health).  
2.2.9 Statistics 
A paired t-test was used to compare O-GlcNAc and OGT expression between GCs 
obtained from small and large follicles within the same ovary pair. Similarly, a paired t-
test was used to test for differences in glycolytic components and steroids in the follicular 
fluid between small and large follicles of the same ovary pair. A repeated measures one-
way ANOVA followed by Dunnett’s multiple comparisons or a paired t test were used to 
evaluate O-GlcNAcylation and cell proliferation relative to treatment. Ki-67 expression 
was analyzed with a Friedman test followed by Dunn’s multiple comparisons. Significant 
differences were declared as P<0.05. Asterisks denote differences between small and 
large follicles or from control. Different letters denote differences among treatments. 
Tests were performed using GraphPad Prism 8 statistical software. 
2.3 Results 
2.3.1 Glucose and lactate concentrations in follicular fluid differ by follicle size 
Analyses of the follicular fluid of small and large follicles within the same ovary pair 
indicated differences in glucose (P<0.05) and lactate (P<0.05). As shown in Figure 1, 
large follicles had higher glucose concentrations (P<0.05), but lower lactate 
concentrations (P<0.05) than small follicles. Notably, even though overall lactate 
concentrations were lower in large follicles than small, on a per millimolar basis the 




Figure 1. Relative concentrations of glucose and lactate in follicular fluid of bovine 
follicles according to follicle size. (A) Glucose concentrations and (B) lactate 
concentrations are depicted for small (SF; 3-5mm) and large (LF; >10mm) bovine 
follicles. Results represent n=7 ovary pairs, run in duplicate, with the mean +/- SEM 
concentration (mM) of a given metabolite shown. Asterisks denote differences 
between SF and LF at P<0.05. 
   
2.3.2 Both small and large follicles have high P4:E2 ratios 
In all 7 small follicles analyzed, the concentration of progesterone (P4) to estradiol (E2) 
had a ratio of greater than 10. Similarly, 5 of the 7 pools of large follicles had a P4/E2 
ratio greater than 10 and 2/7 had intermediate ratios of >1<10. All 7 ovary pairs were 
used in further analyses. The average E2 concentration of small follicles was 1.60 ng/mL, 
with a range of 0.10- 6.34 ng/mL. The average E2 concentration of large follicles was 
13.4 ng/mL, with a range of 0.199-55.9 ng/mL. E2 concentrations did not differ between 
small and large follicles (P>0.05, n=7). Conversely, the average P4 concentration of 
small follicles was 130.5 ng/mL, with a range of 38.5-470.9 ng/mL. The average P4 
concentration of large follicles was 157 ng/mL, with a range of 19.8-377 ng/mL. P4 
concentrations did not differ between follicle size (P>0.05, n=7). 
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2.3.3 Global O-GlcNAcylation and OGT expression of bovine granulosa cells varies 
with follicle size 
Immunoblotting revealed a difference in the expression of global O-GlcNAcylation 
(P<0.05) and OGT (P<0.05) in GCs of small versus large antral follicles within the same 
ovary pair. As shown in Figure 2, GCs obtained from small follicles had greater 
expression of global O-GlcNAcylation (P<0.05) and OGT (P<0.05) than GCs of large 
follicles.  
 
Figure 2. Detection of O-GlcNAcylation and OGT protein expression of fresh bovine 
granulosa cells. (A) Immunoblot of global O-GlcNAcylation and OGT (110 kDa) 
expression of bovine granulosa cells of small (SF) and large (LF) follicles. (B) 
Densitometric analysis of O-GlcNAcylated proteins and OGT expression in bovine 
granulosa cells relative to total protein. Results represent n=7 ovary pairs run in 
triplicate, with the mean +/- SEM signal intensity shown. Asterisks denote 
differences between SF and LF at P<0.05. 
2.3.4 Disruption of O-GlcNAcylation impairs granulosa cell proliferation 
As shown in Figure 3, the GFAT inhibitor DON (50µM), impaired O-GlcNAcylation in 
GCs from small (P<0.05, n=5 expts.) and large follicles (P<0.05, n=5 expts.) and 
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impaired GC proliferation regardless of follicle size (P<0.05, n=4 expts.). As shown in 
Figure 4, a time-course experiment of OSMI-1 revealed that OSMI-1 impairs O-
GlcNAcylation in GCs from small follicles at 4- and 8-hours post treatment (P<0.05, n=3 
expts.), but not at 12 or 24 hours (P>0.05, n=3 expts.). In GCs of large follicles, OSMI-1 
had no effect on O-GlcNAcylation regardless of length of treatment (P>0.05, n=3 expts.). 
OSMI-1 (50µM) similarly impaired GC proliferation of small follicles (P<0.05, n=6 
expts.) with no effect on GC proliferation of large follicles. As shown in Figure 5, 
inhibition of OGA, via Thiamet- G (2.5 µM) augmented O-GlcNAcylation in GCs 
regardless of follicle size (P<0.05, n=3 expts.) but had no effect on GC proliferation, 
regardless of follicle size (P>0.05, n=6 expts.). As shown in Figure 6, inhibition of O-
GlcNAcylation in GCs of small follicles resulted in a smaller percentage of ki-67 positive 
cells compared to control or GCs exposed to Thiamet-G (P<0.05, n=5 expts.). No 
differences in the percentage of ki-67 positive cells were observed in the GCs obtained 





Figure 3. DON impairs O-GlcNAcylation and cell proliferation in cultured bovine 
granulosa cells. (A) Immunoblot and densitometric analyses of global O-
GlcNAcylation expression of bovine granulosa cells of small follicles treated with 
DON (50 µM) for 24 hours. (B) Proliferation of granulosa cells from small follicles 
as measured by absorbance using an MTS assay. (C) Immunoblot and densitometric 
analyses of global O-GlcNAcylation expression of bovine granulosa cells of large 
follicles treated with DON (50 µM) for 24 hours. (D) Proliferation of granulosa cells 
from large follicles as measured by absorbance using an MTS assay. Results 
represent n=5 (immunoblot) or n=4 (MTS) independent experiments run in 
triplicate, with the mean +/- SEM signal intensity shown or absorbance at 490 nm 





Figure 4. OSMI-1 impairs granulosa cell proliferation and O-GlcNAcylation of 
cultured bovine granulosa cells in a time-dependent manner. (A) Immunoblot and 
densitometric analyses of global O-GlcNAcylation expression of bovine granulosa 
cells of small follicles treated with OSMI-1(50 µM) for 4, 8, 12, or 12 hours. (B) 
Proliferation of granulosa cells from small follicles as measured by absorbance 
using an MTS assay. (C) Immunoblot and densitometric analyses of global O-
GlcNAcylation expression of bovine granulosa cells of large follicles treated with 
OSMI-1(50 µM) for 4, 8, 12, or 24 hours. (D) Proliferation of granulosa cells from 
large follicles as measured by absorbance using an MTS assay. Results represent 
n=3 (immunoblot) or n=6 (MTS) independent experiments run in triplicate, with the 
mean +/- SEM signal intensity shown or absorbance at 490 nm shown. Asterisks 




Figure 5. Thiamet-G augments O-GlcNAcylation of cultured bovine granulosa cells. 
(A) Immunoblot and densitometric analyses of global O-GlcNAcylation expression 
of bovine granulosa cells of small follicles treated with Thiamet-G (2.5 µM) for 24 
hours. (B) Proliferation of granulosa cells from small follicles as measured by 
absorbance using an MTS assay. (C) Immunoblot and densitometric analyses of 
global O-GlcNAcylation expression of bovine granulosa cells of large follicles 
treated with Thiamet-G (2.5 µM) for 24 hours. (D) Proliferation of granulosa cells 
from large follicles as measured by absorbance using an MTS assay. Results 
represent n=3 (immunoblot) or n=6 (MTS) independent experiments run in 
triplicate, with the mean +/- SEM signal intensity shown or absorbance at 490 nm 




Figure 6. Immunodetection of granulosa cell proliferation (via Ki-67 staining) 
following augmentation or inhibition of O-GlcNAcylation via Thiamet-G (2.5 µM) 
or OSMI-1 (50 µM) for 24 hours, respectively. The percentage of Ki-67 positive cells 
from small (A) or large (B) follicles is shown. (C) Photomicrographs of ki-67 positive 
cells from small (SF) or large (LF) follicles following treatment at 20x magnification. 
Results represent n=5 experiments, run in duplicate, with the mean +/- SEM of ki67 
expression shown. Different letters denote differences among treatments at P<0.05. 
 
2.4 Discussion 
In this study, glucose metabolism in bovine granulosa cells resulting in O-
GlcNAcylation was evaluated. We present clear evidence that not only do bovine GCs 
readily express O-GlcNAcylated proteins, but that O-GlcNAcylation occurs through the 
HBP and is a result of the enzymatic actions of GFAT, OGT, and OGA. Here, follicle 
health status was assessed by P4:E2 ratios of the follicles. A broad range of P4 ((38.5-
470.9 ng/mL) and (19.8-377 ng/mL)) and E2 ((0.10- 6.34 ng/mL) and (0.19-
55.99ng/mL)) concentrations were observed across follicles of different animals and 
between follicle sizes. Grimes and coworkers classified follicles on histological and non-
histological characteristics (i.e., steroid profiles) to determine their health status as being 
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non-atretic or undergoing a classified level of atresia (Grimes et al., 1987). All 7 of the 
small follicles had an P4:E2 ratio >10 indicating highly atretic follicles. Similarly, 5 of 
the 7 large follicles were categorized as highly atretic and 2 of the follicles were 
classified as intermediately atretic with a P4:E2 ratio >1 but <10. Although the samples 
varied in their level of atresia, the follicular fluid and GCs showed no differences in the 
subsequently assessed parameters (i.e., glucose, lactate, O-GlcNAcylation) and all 7 
ovary pairs were analyzed. 
Global O-GlcNAcylation was evident in both small and large antral follicles, but 
with a greater degree of O-GlcNAcylation detectable in GCs from small follicles. 
Interestingly, small follicles also contained less glucose in the follicular fluid, potentially 
suggesting that a greater proportion of glucose is metabolized by the GCs of these 
follicles, which can then be shunted toward the HBP. Rapid glucose metabolism is often 
indicative of glycolytic processes, rather than oxidative phosphorylation (Nandi et al., 
2008), and this concept is supported in the current study by the observation that the small 
antral follicles also contained very high concentrations of lactate, a product of glycolytic 
metabolism. Similar findings were also found in other species. For instance, in sheep, 
glucose metabolized to lactate (i.e., glycolytic metabolism) is the preferred pathway for 
gonadotropin-induced differentiation of the GCs (Campbell et al., 2010). Similarly, in 
pigs, GCs of small antral follicles undergo rapid cell proliferation, which is accompanied 
by a metabolic shift from aerobic glycolysis without completion of respiration, known as 
the Warburg Effect (Costermans et al., 2019). The Warburg Effect is characteristic of 
rapidly proliferating cancer cells, wherein accelerated conversion of glucose to lactate 
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results (Warburg, 1925). The Warburg Effect is also mechanistically linked to O-
GlcNAcylation because several glycolytic enzymes of the Warburg Effect including 
phosphofructokinase 1 and enolase are targets of O-GlcNAcylation (Yi et al., 2012; 
Champattanachai et al., 2013). O-GlcNAcylation of these enzymes impairs their activity, 
potentially influencing metabolic shifts within the cell (Champattanachai et al., 2013). 
Thus, the O-GlcNAcylation has a role in regulating the rate of glycolysis. 
In the current study, as follicle size increased, glucose concentrations 
accumulating within the follicular fluid also increased. Conversely, lactate concentrations 
decreased. The concentrations here are similar to what others observed (Leroy et al., 
2004b; Nandi et al., 2008). These observations are consistent with the current thinking 
about the prevailing form of metabolism occurring within bovine antral follicles as they 
grow during folliculogenesis (Leroy et al., 2004b; Orsi et al., 2005b; Nandi et al., 2007). 
Specifically, these authors suggest that the relative concentrations of glucose and lactate 
concentrations are attributed to the enhanced glucose uptake and glycolytic metabolism 
within small follicles, that diminishes as the follicles increase in size and maturity (Leroy 
et al., 2004b; Orsi et al., 2005b). An alternative explanation is that as follicles grow, the 
permeability of the blood-follicle barrier increases, which could alter metabolite 
concentrations to be more similar to that of the blood serum at that point in time 
(Edwards, 1972; Bagavandoss et al., 1983).  Our results are consistent with the concept 
that GCs of small follicles exhibit the glycolytic metabolism (i.e., the Warburg Effect), 
conducive to rapid cell proliferation. Enhanced glucose uptake and glycolytic metabolism 
are also consistent with the greater extent of O-GlcNAcylation observed in the GCs of 
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small follicles, presumably as they shunt excess glucose to the HBP. Conversely, the 
increase in glucose accumulation in the follicular fluid of large follicles, accompanied by 
less lactate, suggests that GCs in these follicles metabolically transition to oxidative 
phosphorylation, wherein glucose becomes completely oxidized. Indeed, the observation 
of diminished O-GlcNAcylation in the GCs of large follicles hints that there is less 
glucose available to shunt to the HBP. Collectively, the above observations offer a 
scenario in which glycolytic metabolism and O-GlcNAcylation could favor GC 
proliferation (small antral follicles); whereas oxidative phosphorylation and diminished 
O-GlcNAcylation support GC function and differentiation (large antral follicles). Initial 
evidence in support of this scenario is presented here, in that inhibiting O-GlcNAcylation 
(via DON or OSMI-1) always impaired proliferation of GCs from small antral follicles. 
The concept that glucose metabolism and O-GlcNAcylation influence cell 
function is borne out by experiments in the current investigation in which disrupting 
either the HBP or endogenous O-GlcNAc cycling affected GC proliferation. At the rate 
limiting step of glucose processing through the HBP, inhibiting GFAT (via DON), 
prevented the synthesis of all downstream intermediates, including the formation of 
UDP-GlcNAc for O-GlcNAcylation, and inhibited cell proliferation of GCs from both 
small and large antral follicles. These results were expected as hypo-O-GlcNAcylation 
impairs proliferation of the most rapidly dividing cells, including cancer cells and other 
immortal cell lines (Steenackers et al., 2016; Jaskiewicz et al., 2017). However, when 
inhibition of O-GlcNAcylation occurred more directly, via the OGT inhibitor, OSMI-1, 
only the proliferation of GCs from small follicles was noticeably compromised. We 
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interpret this outcome as being a consequence of the GCs of small follicles having greater 
capacity to divide than GCs of large follicles. This thinking is also consistent with the 
GCs having a prominent role in the ability of the follicle to grow during folliculogenesis. 
Conversely, GCs of large follicles are presumed to be nearing the stages of terminal 
differentiation or luteinization, wherein cell division is less frequent (Ali et al., 2001; 
Girard et al., 2015), acquisition of LH receptors occurs (Ireland and Roche, 1983; 
Bodensteiner et al., 1996; Ginther et al., 1999), and resistance to apoptosis becomes 
attainable (Jolly et al., 1994).  Indeed, under culture conditions, we and others have found 
that GCs typically obtained from small antral follicles exhibit greater rates of 
proliferation, with a shorter generation interval, than GCs obtained from larger follicles 
(Costermans et al., 2019, unpublished observations). In the current study, GC 
proliferation was measured by both mitochondrial activity (MTS assay) and the cell 
proliferation marker, ki-67 (immunodetection), which is only expressed by dividing cells. 
The lack of O-GlcNAcylation (via DON and OSMI-1 treatment) prevented cell 
proliferation by both impeding aspects mitochondrial activity and disrupting the cell 
cycle. 
Enhanced O-GlcNAcylation, or hyper-O-GlcNAcylation is associated with 
augmented cell proliferation and enhanced tumorigenic potential (Liu et al., 2016; 
Jaskiewicz and Townson, 2019). Specifically, hyper-O-GlcNAcylation enhances cancer 
cell aggressiveness through increased expression of epithelial-mesenchymal transition 
genes, stimulating cell proliferation, and enhancing cell migration and/or invasiveness. In 
contrast, hypo-O-GlcNAcylation impairs proliferation and these very same measures in 
49 
 
endometrial cancer cells (Jaskiewicz and Townson, 2019). Additional evidence 
supporting the idea that some degree of O-GlcNAcylation is required for cell homeostasis 
comes from genetic knockout experiments, in which knockout of the OGT enzyme is 
embryonic lethal in mice as well as in embryonic stem cells (Shafi et al., 2000). 
Conversely, OGA knockouts are less phenotypically severe: there is lethality in the 
neonatal mouse and the detrimental effects include growth defects, mitotic defects, 
binucleation, and chromosome lagging (Yang et al., 2012). In the current study, 
augmentation of O-GlcNAcylation (via Thiamet-G) had no effect on GC proliferation 
from either small or large antral follicles. It is conceivable that GCs from small follicles 
are already metabolizing glucose and proliferating at such rapid rates, that further 
stimulation of these activities is unattainable experimentally. On the other hand, GCs 
from large follicles perhaps have become committed to their terminal fate (i.e., apoptosis, 
luteinization), and thus are resistant to alterations of glucose metabolism involving the 
HBP. These issues merit further investigation.  
The current study is the first to detect and characterize O-GlcNAcylation in GCs 
of bovine antral follicles, but others have recently reported the existence of OGT, OGA, 
and O-GlcNAcylated proteins in bovine cumulus oocyte complexes (COCs) (Zhou et al., 
2019). Hyper-O-GlcNAcylation (via Thiamet-G), had no detrimental effects on the 
cumulus cells or the oocyte, but, zygote formation following in vitro fertilization was 
compromised (Zhou et al., 2019). Other investigations indicate, however, that increased 
glucose shunting through the HBP, thus potentiating O-GlcNAcylation, does have 
deleterious effects on oocyte health and developmental competence. For instance, 
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glucosamine is a direct substrate for the HBP and O-GlcNAcylation and perturbs post-
compaction bovine and murine embryo development (Sutton-Mcdowall et al., 2006; 
Schelbach et al., 2010).  Inhibiting O-GlcNAcylation via the alternative  OGT inhibitor, 
BADGP, reverses these detrimental effects (Sutton-Mcdowall et al., 2006). 
Supplementation of glucosamine to mouse COCs also increases HSP90 expression, an 
effect reversed by using BADGP and is associated with decreased oocyte competence. 
(Frank et al., 2014). Complete inhibition of the HBP and O-GlcNAcylation via DON, 
however,  prevents cumulus expansion (Gutnisky et al., 2007). Collectively, these 
observations suggest that O-GlcNAcylation is essential to some of the major constituents 
of the growing follicle (i.e., granulosa cells, cumulus cells, and oocyte), and helps support 
their growth, health, and developmental competence in a homeostatic manner.  
There is growing evidence to speculate that O-GlcNAcylation exerts direct effects 
within reproductive tissues through classical signaling pathways. For instance, estrogen 
receptors α and β of Sf 9 cells are heavily O-GlcNAcylated (Cheng and Hart, 2000, 
2001). Cancer treatments inducing O-GlcNAcylation in MCF-7 cells, inhibit ER α 
expression (Kanwal et al., 2013). In contrast, O-GlcNAcylation of the ER β prevents its 
degradation and modulates its stability (Cheng and Hart, 2001). Mutation of the O-
GlcNAc site of ER β negatively impacts its transcriptional ability, thus, O-GlcNAcylation 
of the receptor may serve as a protective mechanism (Cheng and Hart, 2001; Hart and 
Sakabe, 2006). Although somewhat limited in scope at this point, these studies provide 
credibility to the thought that O-GlcNAcylation may also modulate the direct actions of 
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steroids on ovarian function, including folliculogenesis and oocyte maturation, through 
their influence on receptor-mediated effects.  
2.5 Conclusion 
In conclusion, the mechanism(s) by which O-GlcNAcylation influences granulosa 
cell proliferation and potentially impacts overall granulosa cell function in bovine antral 
follicles is not understood at the current time and offers fertile ground for further 
investigations. Our studies indicate that the relative differences in glucose and lactate 
accumulation within the follicular fluid as follicles grow mirrored by the relative state of 
O-GlcNAcylation within the granulosa cells. Granulosa cells of small follicles exhibit 
greater expression of O-GlcNAcylation than those of large follicles, possibly because 
glucose is more readily metabolized glycolytically to support cell proliferation. As 
downregulation of O-GlcNAcylation inhibits granulosa cell proliferation, we suggest that 
this might be important as follicles mature and granulosa cells prepare to differentiate 
(e.g., luteinization). Further studies should focus on determining the identity of key O-
GlcNAcylated proteins in the follicle, the effects of O-GlcNAcylation on steroidogenesis 
and steroid action, and the role of O-GlcNAcylation as a potential nutrient sensor in 






CHAPTER 3: EXPLORATORY EXPERIMENTS 
3.1 Dose Response Experiments and Granulosa Cell Proliferation 
3.1.1 Abstract 
 O-GlcNAcylation is directly regulated by two enzymes, OGT and OGA. OGT 
adds GlcNAc sugars onto serine or threonine residues of proteins. Conversely, OGA 
removes these GlcNAc sugars from proteins. The two enzymes work together in a cyclic 
manner, similar to that observed in phosphorylation and dephosphorylation, respectively. 
Small molecule inhibitors of OGT and OGA are commercially available and effectively 
augment or impair O-GlcNAcylation. Thiamet-G, an OGA inhibitor, augments O-
GlcNAcylation, whereas OSMI-1, an OGT inhibitor, inhibits this process. Effective 
concentrations of these inhibitors vary among cell type as evidenced by the scientific 
literature (Ortiz-Meoz et al., 2015; Jaskiewicz et al., 2017; Jaskiewicz and Townson, 
2019). Here, dose response experiments were conducted to determine the optimal 
working concentrations of these inhibitors for treating bovine granulosa cells (GC). 
Bovine ovary pairs morphologically staged to the mid-to-late estrous period were used 
(Ireland et al., 1980). GCs were aspirated from small (3-5mm) and large (>10mm) 
follicles. GCs were seeded into 96 well plates and treated with either Thiamet-G (1, 2.5, 
or 5 µM) or OSMI-1 (25 or 50 µM). After 24 hours, proliferation was measured with 
MTS assay. No concentration of Thiamet-G affected GC proliferation in either size of 
follicles (P>0.05, n=6 expts.). OSMI-1 impaired GC proliferation at both concentrations 
for GCs of small follicles (P<0.05, n=6 expts.), but had no effect on GC proliferation for 




3.1.2 Materials and Methods 
3.1.2.1 Granulosa Cell Isolation  
Pairs of bovine ovaries were collected from an abattoir (Champlain Beef, Whitehall, NY) 
and transported to the laboratory in 0.9% sterile saline with antibiotic-antimycotic 
(10,000 units/mL of penicillin, 10,000 µg/mL of streptomycin, and 25 µg/mL of Gibco 
Amphotericin B) (Gibco, Gaithersburg, MD) at room temperature for processing within 
4-6 hours of slaughter. The ovaries were morphologically staged to the estrous cycle 
based upon the visual appearance of the corpus luteum (Ireland et al., 1980). Only ovaries 
within the mid-to-late estrous cycle, were used. Small antral follicles (3-5 mm) (12-24 
follicles per ovary pair) were aspirated with a 21-gauge needle and 3mL luer lock syringe 
(BD) and the granulosa cells (GCs) were pooled into a single sample. Large antral 
follicles (>10 mm) were dissected from the ovary and aspirated to obtain GCs. Only the 
largest follicle from each ovary pair was aspirated for collection. After aspiration of the 
large follicles, the follicles were then sliced and scraped with a 5 mm rubber policeman. 
All samples were centrifuged at 84 x g for 10 minutes at 4◦C to separate GCs from the 
follicular fluid.  
3.1.2.2 Granulosa Cell Proliferation Assay 
Bovine GCs were collected as described above and seeded at 5000 viable cells/well into 
96 well plates (Corning, Tewksbury, MA) in 1:1 DMEM/F12 (Gibco) + 10% fetal bovine 
serum (Corning) media with the addition of an antibiotic-antimycotic regimen (10,000 
units/mL of penicillin, 10,000 µg/mL of streptomycin, and 25 µg/mL of Gibco 
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Amphotericin B) (Gibco). Cells were grown for 36 hours, transitioned to serum-free 
DMEM/F12 media containing insulin (100ng/mL)-transferrin (55ng/mL)-selenium 
(6.7pg/mL) (ITS) and were treated with the OGT inhibitor, OSMI-1 (25 or 50 µM), the 
OGA inhibitor, Thiamet-G (1, 2.5, or 5 µM) or Staurosporine as a control. All inhibitors 
were sourced from Cayman Chemical (Ann Arbor, MI), and were used for a period of 24 
hours. As OSMI-1 and Thiamet-G were reconstituted in DMSO (Fisher Scientific), at 
1000X, control wells of GCs were also spiked with 0.1% DMSO.  After 24 hours of 
treatment, GC proliferation was measured using the CellTiter 96® AQueous One 
Solution Cell Proliferation Assay (MTS) kit following manufacturer instructions 
(Promega, Madison, WI) including the use of a Synergy HT Plate Reader (BioTek). 
Proliferation was measured 4 hours after the addition of the MTS Reagent. As a result of 
limited cell number in GCs from large follicles, minimal dosages were evaluated  
3.1.2.3 Statistics 
A repeated measures one-way ANOVA with the Geisser- Greenhouse correction 
followed by Dunnett’s multiple comparisons was used to assess cell proliferation 
measured by MTS assay. Significant differences were recognized as P<0.05. Different 
letters denote differences between treatments. Tests were performed using GraphPad 
Prism 8 statistical software. 
3.1.2 Results 
3.1.2.1 Enzymatic inhibitors impair granulosa cell proliferation 
As shown in Figure 1, the OGA inhibitor, Thiamet-G, had no effect on GC proliferation 
in either follicle size (P>0,05, n=6 expts.). The OGT inhibitor, OSMI-1, impaired 
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proliferation at both 25 and 50 µM in small follicles, with no differences between the two 
doses (P<0.06, n=6 expts.), but had no effect on GC proliferation in large follicles 
(P>0,05, n=6 expts.).  
 
Figure 1. Effects of Thiamet-G and OSMI-1 on GC proliferation. Concentrations of 
inhibitors are shown, with treatment of cells for 24 hours. Staurosporine (0.8 μM) 
was used as a control. Absorbance measured at 490 nm in GCs of (A) small follicles 
or (B) large follicles. Results representative of n=6 independent experiments, run in 
triplicate. Letters denote differences at P<0.05. 
 
3.1.3 Discussion and Conclusions 
Working concentrations of the small molecule inhibitors OSMI-1 and Thiamet-G 
were selected for the current experiments based upon those used previously by published 
studies in the literature (Zhu-Mauldin et al., 2012; Ortiz-Meoz et al., 2015; Wani et al., 
2017; Jaskiewicz and Townson, 2019; Zhou et al., 2019). The concentrations of Thiamet-
G range from 0.25-10 µM (Zhu-Mauldin et al., 2012; Wani et al., 2017; Jaskiewicz and 
Townson, 2019; Zhou et al., 2019). Working concentrations of OSMI-1 vary from 10 to 
100 µM, with the optimal dose for OSMI-1 in both studies at 50 µM (Ortiz-Meoz et al., 
2015; Jaskiewicz and Townson, 2019).  
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Although Thiamet-G had no measurable effect on GC proliferation. Visual 
observations here and information reported in the literature led to the selection of an 
average dose of 2.5 µM for further experiments. This dose did in fact increase cellular 
expression of O-GlcNAcylation in GCs from both small and large follicles but failed to 
influence cell proliferation. Conversely, OSMI-1 impaired cell proliferation at both doses 
tested. The higher concentration (50 µM) was selected for subsequent experiments, 
however, based off its obvious effect to impair O-GlcNAcylation.  
3.2 Effects of AMPK activation on O-GlcNAcylation 
3.2.1 Abstract 
O-GlcNAcylation is considered a nutrient sensor that can regulate cellular 
processes such as metabolism, signal transduction, and proliferation. Other nutrient 
sensing pathways exist and are active in granulosa cells (GC), including AMPK, mTOR, 
and IIS. These pathways are sensitive to different cellular concentrations of nutrients and 
each function to maintain cellular homeostasis. Some nutrient sensors, such as the mTOR 
are reliant on signals from other nutrient sensors such as AMPK and IIS. Recently, 
reports indicate that O-GlcNAcylation and AMPK may also exert overlapping regulation 
and nutrient-sensing actions. Here, the effects of AMPK on GC O-GlcNAcylation were 
explored using Metformin as an AMPK activating agent. Bovine ovary pairs 
morphologically staged to the mid-to-late estrous period were used. GCs were aspirated 
from small (3-5mm) and large (>10mm) follicles. GCs were seeded into T25 flasks or 96 
well plates and treated with Metformin (10 mM). After 24 hours, GCs were lysed for 
immunoblotting or proliferation was measured with MTS assay. Activation of AMPK by 
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Metformin did not affect O-GlcNAcylation within GCs of either follicle size (P>0.05, 
n=5 expts.). However, Metformin did impair GC proliferation of small follicles (P<0.05, 
n=4 expts.), but had no effect on GCs of large follicles (P>0.05, n=4 expts.).  
 
3.2.2 Introduction 
AMP- activated protein kinase (AMPK) and O-GlcNAcylation are both 
considered nutrient sensing mechanisms in the cell, as they are highly dependent on 
nutrient availability for their functions. AMPK is an energy sensor that is activated by 
low energy status of a cell (i.e., low ATP, low glucose, high AMP or ADP). Activation of 
AMPK promotes ATP production by increasing the activity of catabolic processes 
including glycolysis, fatty acid uptake/oxidation, and mitochondrial metabolism (Ke et 
al., 2018). Concomitantly, AMPK activation inhibits cellular process that utilize ATP 
such as fatty acid, cholesterol, and protein synthesis (Ke et al., 2018). O-GlcNAcylation 
is responsive to concentrations of cellular glucose and uses UDP-GlcNAc from the 
hexosamine biosynthesis pathway as a substrate to add GlcNAc sugars to 
serine/threonine residues of nuclear and cellular proteins. Unlike O-GlcNAcylation, 
AMPK is well studied in the literature, especially as it relates to granulosa cell function 
(Dupont & Scaramuzzi, 2016; Kayampilly & Menon, 2009; Tosca et al., 2005, 2010). 
AMPK activation suppresses peptide hormones, growth factors, cytokines and 
chemokines, all of which contribute to cell growth. For example, activation of AMPK 
inhibits proliferation and steroidogenic capacity of granulosa cells (Tosca et al., 2007; 
Tosca et al., 2005). AMPK also decreases aromatase activity, thus impairing estradiol 
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production by bovine granulosa cells. In rats, AMPK inhibits progesterone synthesis by 
granulosa cells, specifically by impairing cytochrome P450 and StAR enzymes (Tosca et 
al., 2006). Additional effects of metformin include inhibition of MAPK, ERK1/2 and 
ribosomal protein S6 kinase (p90rsk) phosphorylation in response to IGF-1 (Tosca et al., 
2010).  
Recently, crosstalk between AMPK and O-GlcNAcylation has become evident. 
AMPK is a target for O-GlcNAcylation, and the enzymes regulating O-GlcNAcylation, 
including GFAT and OGT, are in turn phosphorylated by AMPK (Eguchi et al., 2009b; 
Bullen et al., 2014; Gélinas et al., 2018). The aims of the study were to determine the 
effects of AMPK activation via Metformin on global GC O-GlcNAcylation and 
proliferation. Here, it was hypothesized that Metformin would decrease O-
GlcNAcylation in bovine GCs and impair GC proliferation.  
3.2.3 Materials and Methods 
3.2.3.1 Granulosa Cell Isolation 
Pairs of bovine ovaries were collected from an abattoir (Champlain Beef, Whitehall, NY) 
and transported to the laboratory in 0.9% sterile saline with antibiotic-antimycotic 
(Gibco, Gaithersburg, MD) at room temperature for processing within 4-6 hours of 
slaughter. The ovaries were morphologically staged to the estrous cycle based upon the 
visual appearance of the corpus luteum (Ireland et al., 1980). Only ovaries within the 
mid-to-late estrous cycle, were used. Small antral follicles (3-5 mm) (12-24 follicles per 
ovary pair) were aspirated with a 21-gauge needle and 3mL luer lock syringe (BD)and 
the granulosa cells (GCs) were pooled into a single sample. Large antral follicles (>10 
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mm) were dissected from the ovary and aspirated to obtain GCs. Only the largest follicle 
from each ovary pair was aspirated for collection. After aspiration of the large follicles, 
the follicles were then sliced and scraped with a 5 mm rubber policeman. All samples 
were centrifuged at 84 x g for 10 minutes at 4◦C to separate GCs from the follicular fluid. 
3.2.3.2 Granulosa Cell Culture 
Bovine GCs were collected as described above and seeded into T25 flasks (Corning, 
Tewksbury, MA) in 1:1 DMEM/F12 (Gibco) + 10% fetal bovine serum (Corning) media 
with the addition of an antibiotic-antimycotic regimen (10,000 units/mL of penicillin, 
10,000 µg/mL of streptomycin, and 25 µg/mL of Gibco Amphotericin B) (Gibco). Cells 
were grown for 72 hours, transitioned to serum-free DMEM/F12 media containing 
insulin (100ng/mL)-transferrin (55ng/mL)-selenium (6.7pg/mL) (ITS) and were treated 
with the AMPK activator, Metformin (10mM) (Cayman Chemical, Ann Arbor, MI) 
(Tosca et al., 2010), for a period of 24 hours. Following treatment, flasks were placed on 
ice and washed three times with 1 mL PBS prior to GC lysis by RIPA buffer. Next, the 
PBS was removed and 200-500 µL of RIPA lysis buffer was added for 10 minutes. 
Flasks were then scraped with a cell scraper to remove the GCs from the bottom of the 
flasks. The GCs were collected into 1.5mL microcentrifuge tubes and further lysed by 
aspirating through a 27-gauge needle (BD). Samples were vortexed for 15 seconds and 
centrifuged at 15,294 x g for 10 minutes. The supernatant was removed, and protein was 
standardized using a bicinchoninic acid (BCA) colorimetric assay (Thermo Scientific) 
following manufacturer’s instructions. Absorbance at 562 nm was measured by the 
Synergy HT Plate Reader (Biotek, Winooski, VT). Electrophoresis and immunoblotting 
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of proteins from cultured cell lysates were conducted essentially as described above. In 
this instance, however, protein was quantified using BCA assay and samples were diluted 
in Lamelli sample buffer and boiled at 100◦ C for 1-3 minutes. 10 ng of protein was 
loaded into each well (25 μL total volume loaded per well). Immunoblotting and 
densitometric analyses were performed as described above and performed in triplicate. 
3.2.3.3 Immunoblotting 
Lysates of GCs from small and large follicles were used. Protein extracts were separated 
on precast, stain free 10% gels (BioRad, Hercules, CA). Following electrophoretic 
separation, gels were activated and imaged for total protein on the BioRad ChemiDoc 
Imaging System. Proteins were transferred to a PVDF membrane (BioRad) using a semi-
dry transfer system at 45mA for 1 hour (Hoefer, Holliston, MA). Post transfer, the gels 
were again imaged on the ChemiDoc Imaging System (BioRad) to ensure complete 
transfer of separated proteins. Following protein transfer, the PVDF membranes were 
blocked in Tris-buffered saline (TBS) blocking buffer containing 5% BSA and 
0.2%Tween 20 (TBST; Fisher Bioreagents, Pittsburgh, PA) for 3 hours on a platform 
rocker at room temperature. Membranes were incubated overnight at 4◦ C with mouse 
anti-O-GlcNAc (1:2500, CTD 110.6) primary antibody from Cell Signaling Technology 
(Danvers, MA). Following overnight incubation, membranes were washed with TBST 
under agitation in the following order: 2X 10-30 seconds, 1X for 15-minutes and 3X for 
5-minutes. The membranes were then incubated in secondary antibody for 1 hour on a 
platform rocker at room temperature. Goat-anti-mouse (1:5000) horseradish peroxidase 
(HRP) conjugated secondary antibody from Santa Cruz Biotechnologies (Dallas, TX) 
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was used. The membranes were washed as described above and were then incubated in 
Clarity Western ECL Blotting substrate (BioRad) for 5 minutes. Immunodetectable 
proteins were imaged on the ChemiDoc Imaging System (BioRad). After imaging, the 
membranes were stripped using Restore Western Blot Stripping Buffer (Thermo 
Scientific) per manufacturer’s instructions and reprobed for OGT using the methods 
described above. However, the membranes were placed in blocking buffer for 3 hours at 
room temperature prior to re-probing. O-GlcNAc and OGT protein values were 
normalized to total protein within the gels prior to immunoblotting. Images were 
analyzed using Image J (National Institute of Health) for protein quantification.  
 
3.2.3.4 Granulosa Cell Proliferation Assay 
Bovine GCs were collected as described above and seeded at 5000 viable cells/well into 
96 well plates (Corning, Tewksbury, MA) in 1:1 DMEM/F12 (Gibco) + 10% fetal bovine 
serum (Corning) media with the addition of an antibiotic-antimycotic regimen (Gibco). 
Cells were grown for 36 hours, transitioned to serum-free DMEM/F12 media containing 
insulin (100ng/mL)-transferrin (55ng/mL)-selenium (6.7pg/mL) (ITS) and were treated 
Metformin (10 mM) (Cayman Chemical, Ann Arbor, MI) for a period of 24 hours. After 
24 hours of treatment, GC proliferation was measured using the CellTiter 96® AQueous 
One Solution Cell Proliferation Assay (MTS) kit following manufacturer instructions 
(Promega, Madison, WI) including the use of a Synergy HT Plate Reader. Proliferation 




A repeated measures one-way ANOVA with the Geisser- Greenhouse correction 
followed by Dunnett’s multiple comparisons was used to assess cell proliferation 
measured by MTS assay as well as changes in O-GlcNAcylation relative to treatment. 
Significant differences were recognized as P<0.05. Asterisks denote differences from 
control. Tests were performed using GraphPad Prism 8 statistical software. 
3.2.4 Results 
3.2.4.1 No effect of AMPK activation on O-GlcNAcylation 
AMPK activation by Metformin (10mM) did not affect O-GlcNAcylation in GCs from 
either follicle size (P>0.05, n=5 expts.) 
 
Figure 2. Effects of Metformin on GC O-GlcNAcylation. (A) Immunoblots of GCs 
from small (SF) or large (LF) follicles probed for O-GlcNAcylation following 24 
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hours of treatment with Metformin (10 mM). (B) Densitometric analysis of O-
GlcNAcylated proteins in bovine granulosa cells relative to total protein. Results 
represent n=5 independent experiments run in triplicate, with the mean +/- SEM 
signal intensity shown. 
 
3.2.4.2 Metformin impairs granulosa cell proliferation 
Treatment with Metformin (10 mM), impaired GC proliferation of small follicles 
(P<0.05, n=5 expts.) but had no effect on GCs of large follicles (P>0.05, n=5 expts.). 
 
Figure 3. Effects of Metformin on GC proliferation. (A) Absorbance measured at 
490 nm in GCs of small follicles or large follicles. (B) Photomicrographs of GC 
culture following 24 hours treatment at 10X magnification. Results representative of 
n=4 independent experiments, run in triplicate. Letters denote differences at P<0.05. 
 
3.2.5 Discussion 
AMPK is a widely studied energy sensor of cells, typically activated to slow or 
inhibit the progression of disease in response to energy depletion and cellular stress. In 
contrast, upregulation of O-GlcNAcylation occurs during nutrient excess, and promotes 
the development of disease. For instance, O-GlcNAcylation is typically upregulated in 
cancer cells and promotes their proliferation and survival. This is exactly the opposite of 
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what has been observed with AMPK activation. Dysregulated O-GlcNAcylation is also 
implicated in diabetes and cardiovascular disease; whereas AMPK typically exerts 
protective effects during disease states. This interplay between the two pathways suggests 
that they might regulate the activities of each other. For instance, O-GlcNAcylation is 
conducive to insulin resistance and glucotoxicity; whereas AMPK is typically considered 
beneficial to diabetic pathologies (Copeland et al., 2008; Tosca et al., 2010).  This benefit 
of AMPK activation is the premise behind the use of Metformin as a therapeutic for 
insulin resistance. Knockout of OGT (and thus, O-GlcNAcylation) in skeletal muscle of 
mice leads to lower blood glucose during exercise and reduced occurrence of insulin 
resistance (Murata et al., 2018). Higher AMPK expression and greater AMPK activation 
after exercise was observed in these mice. The authors postulated that the reduction in O-
GlcNAcylation in skeletal muscle had an anti-diabetic effect through the stimulation of 
an AMPK-dependent mechanism (Murata et al., 2018). 
The influence of AMPK on O-GlcNAcylation via the hexosamine biosynthesis 
pathway is also evident. In human endothelial cells, and cardiomyocytes, AMPK inhibits 
the activity of GFAT, the rate-limiting enzyme controlling the flux of glucose into the 
pathway. AMPK phosphorylates GFAT, suppressing its activity and significantly 
lowering O-GlcNAcylation levels (Eguchi et al., 2009b; Zibrova et al., 2017; Gélinas et 
al., 2018). AMPK also phosphorylates OGT, the enzyme that adds GlcNAc sugars onto 
proteins. Although it does not seem to directly hinder its enzymatic activity, 
phosphorylation of OGT by AMPK impacts its cellular localization and specificity, 
65 
 
partially by competing with the phosphorylation site of proteins OGT would otherwise 
target (Xu et al., 2012; Bullen et al., 2014; Wang et al., 2017a).  
No direct interactions between OGA and AMPK have been observed, however, 
AMPK knockout mice have significantly elevated O-GlcNAcylation, which is partially a 
result of downregulation of OGA (Gélinas et al., 2018).  
O-GlcNAcylation influences AMPK actions as well. AMPK is O-GlcNAcylated 
by OGT. In embryonic fibroblasts, OGT stimulates AMPK activity by targeting 
APMKα1 as shown in OGT knockout mice (Xu et al., 2014).  AMPKγ is also O-
GlcNAcylated (Bullen et al., 2014). Surprisingly, this was observed during an activated 
state of AMPK, in which glucose concentrations would have been expected to be low. 
However, in the inactive state, the AMPK isoform is not O-GlcNAcylated suggesting that 
AMPK may need to be active to undergo O-GlcNAcylation (Bullen et al., 2014).  
In the current study, Metformin was used to activate AMPK based upon its known 
effect to impair granulosa cell proliferation (Tosca et al., 2010). Metformin is also used to 
treat polycystic ovarian syndrome (Lashen, 2010). It promotes insulin sensitivity, acting 
in opposition to the putative role of O-GlcNAcylation in insulin resistance (Giannarelli et 
al., 2003). In the present study, activation of AMPK by Metformin (10 mM) did not 
affect O-GlcNAcylation of bovine granulosa cells. However, confirmation of AMPK 
activity was not assessed here, and assurance that Metformin stimulated AMPK activity 
was not known. Thus, further experiments may need to confirm this, or use a more 
specific AMPK activator, such as A-769662 or AMPK Signaling Activator 1. However, 
in the current study it was known that Metformin did exert an effect, as it impaired 
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granulosa cell proliferation, as expected. As Metformin is widely used to treat PCOS, it 
may be beneficial to further investigate the effects of Metformin on O-GlcNAcylation, 
separate from its connection to AMPK.  
 
 
CHAPTER 4: PERSPECTIVES AND CONSIDERATIONS 
4.1 Limitations 
It is acknowledged that a limitation of the current study is the use of 
slaughterhouse ovaries. The ovaries obtained are not accompanied by any information 
pertaining to the reproductive status of the cow, such as breed, age, parity, diseases, or 
stage of estrous cycle/pregnancy. In the present study, the ovaries were staged based 
upon the presence/appearance of the corpus luteum, but these techniques lack the 
accuracy of tracking live animals by palpation or transrectal ultrasonography. Thus, 
ascertaining the precise stage of the estrous cycle is virtually impossible. Additionally, 
the use of slaughterhouse ovaries eliminates the possibility of investigating physiological 
processes in a given cow sequentially. 
Another limitation of this work is the use of cell culture. Cell culture poses its 
own limitations in that cells phenotypically change in culture. They may begin to 
differentiate and lose characteristics of granulosa cells the longer they remain in culture. 
Specifically, with granulosa cells, long term culture often results in spontaneous 
luteinization (Gutiérrez et al., 1997). The culture system used herein includes the use of 
FBS, which favors luteinization. The two-dimensional plastic environment of the culture 
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flask also does not resemble the three-dimensional environment of the follicle, which 
makes it difficult to make direct connections to animal studies or in vivo environments. 
Our initial experiment of characterizing O-GlcNAcylation in different sized follicles 
utilized fresh cells immediately lysed upon collection. Subsequent experiments, however, 
utilized cell culture to invoke the various treatments and manipulated O-GlcNAcylation. 
The defined environment used for cell culture here also excluded an interaction 
with the COC, theca cells, and follicular fluid. It is likely that these losses of cell-cell 
interactions impact many processes including metabolic processes like O-GlcNAcylation 
and steroid synthesis.  
To address some of these limitations about culture-induced phenotype, removal 
of FBS from the culture medium would be helpful. Baufeld and Vanselow proposed a 
new culture method that helps retain granulosa cell phenotype and supports estradiol 
secretion (Baufeld and Vanselow, 2018). This medium does not contain FBS, but instead 
contains insulin, FSH, IGF-1, bovine albumin, and androstenedione. This culture method 
utilizes FSH and insulin stimulation to mimic the estradiol active state of in vivo follicles 
and this stimulation is conducive of androstenedione aromatization to estradiol and 
supports growth. The removal of serum from culture further attenuates a steroid active 
culture. In attempts to make the cell culture media/environment more like the in vivo 
environment, a full analysis of nutrients, metabolites, and hormones, and their 
concentrations present in follicular fluid could be done, with modifications to media 
made.  Further unknowns can be overcome either by the immediate use of cells from 
ovariectomized cows with known reproductive status or the collection of granulosa cells 
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by transvaginal follicular aspiration in live animals. Further, here Metformin was used to 
activate AMPK, but it is not a specific activator of AMPK. Although Metformin impaired 
granulosa cell proliferation as expected, using a specific agonist including, A-769662 or 
AMPK Signaling Activator 1, to ensure AMPK activation would add support to the 
results.  
 
4.2 Future Perspectives 
In this study, O-GlcNAcylation was evident in granulosa cells of bovine antral 
follicles and, interestingly, changed with follicle size and follicular fluid glucose 
concentrations. Future studies to identify the proteins O-GlcNAcylated would be 
insightful, and perhaps lead to new ideas about the role of O-GlcNAcylation in follicle 
growth. In the current study, distinct bands of O-GlcNAcylation were evident, and these 
bands of proteins changed as a result of physiological circumstances (e.g., small vs large 
follicles) and experimental manipulation (e.g., effects of the OSMI-1 inhibitor). 
Identifying the specific proteins targeted for O-GlcNAcylation would provide further 
insight on the mechanistic aspects of O-GlcNAcylation on granulosa cell proliferation 
and possibly folliculogenesis. Characterization of the metabolism of granulosa cells of 
different follicles sizes (e.g., glucose/lactate metabolism, Seahorse analyses), would test 
the hypothesis that granulosa cells of small follicles favor glycolytic metabolism over 
oxidative phosphorylation. Similar experiments using granulosa cells of large follicles 
could be implemented to determine if the cells favor oxidative phosphorylation, and 
whether such metabolism is critical for differentiation. 
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To further investigate O-GlcNAcylation’s role in folliculogenesis, performing a 
similar study to this in both theca cells and oocytes in which O-GlcNAcylation was 
characterized in both small and large follicles would provide a more complete picture of 
the follicle during growth. Granulosa, theca, and oocytes are known to communicate 
during growth. In granulosa cells the O-GlcNAc status decreased with follicle size, and it 
would be interesting to determine if this is synonymous throughout the cells of the 
follicle. Specifically, granulosa cells provide glycolytic substrates to oocytes (Sugiura et 
al., 2005) and O-GlcNAcylation is evident in oocytes.  
Importantly, the effects of O-GlcNAcylation on steroid production should be 
assessed. To start, future studies (in theca and/or granulosa) could determine the effects 
of up-or-down regulation of O-GlcNAcylation on subsequent androstenedione and 
estradiol production. Further, studies on the O-GlcNAcylation status of enzymes 
(expressed in theca or granulosa cells) such as StAR, 3β-HSD, CYP17A1, 17β-HSB or 
aromatase, may unveil the potential steroidogenic changes that could occur in response 
manipulated O-GlcNAcylation. Estrogen receptor (ER) α and β are O-GlcNAcylated 
(Cheng and Hart, 2000; Kanwal et al., 2013). ER receptors are present in bovine theca 
cells, granulosa cells, and oocytes and expression varies as follicles grow (Salvetti et al., 
2007; Pohler et al., 2012; Rovani et al., 2014). However, O-GlcNAcylation of these 
receptors has not been determined and provides room for future studies. Lastly, O-
GlcNAcylation is postulated to be a nutrient sensing mechanism. In vitro work completed 
in the current study provided the basic methodology necessary to translate this work into 
an in vivo environment. Studies in which O-GlcNAcylation is characterized under 
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varying levels of an animal’s nutrient status (positive or negative energy balance) would 
allow for further insight on how an animal’s nutrient status interacts with its reproductive 
capacity and the sensitivity of O-GlcNAcylation in granulosa cells. From these in vivo 
studies, direct observations could be made to connect the steroidogenic capacity 
(estradiol vs progesterone secretion) and fate/health (ovulatory vs non-ovulatory, 
dominant vs subordinate, cystic) of the follicle to the level of O-GlcNAcylation in 
granulosa cells observed.   
 
4.3 Applications 
The results of this study provide many opportunities for further work to evaluate 
the role of O-GlcNAcylation in ovarian function and dairy reproduction. The broader 
impacts of this work could contribute to a better understanding of the cellular 
mechanisms underlying follicular growth and ovulation, which have direct impacts on the 
reproductive efficiency of dairy cattle. Greater understanding of the role of O-
GlcNAcylation in reproduction could also provide researchers with avenues for 
therapeutic intervention and treatment of subfertility or infertility. For example, O-
GlcNAcylation is implicated in human insulin resistance, which is a similar condition to 
what occurs in the postpartum dairy cow. If O-GlcNAcylation is determined to act in the 
same manner in granulosa cells during this insulin resistant state, approaches to treat the 






CHAPTER 5: COMPREHENSIVE BIBLIOGRAPHY 
Aerts, J., and P. Bols. 2010. Ovarian Follicular Dynamics: A Review with Emphasis on 
the Bovine Species. Part I: Folliculogenesis and Pre-antral Follicle Development. 
Reprod. Domest. Anim. 45:171–179. doi:10.1111/j.1439-0531.2008.01302.x. 
Ahrén, K., and J.L. Kostyo. 1963. Acute effects of pituitary gonadotrophins on the 
metabolism of isolated rat ovaries. Endocrinology 73:81–91. doi:10.1210/endo-73-
1-81. 
Ali, A., A. Lange, M. Gilles, and P.S. Glatzel. 2001. Morphological and functional 
characteristics of the dominant follicle and corpus luteum in cattle and their 
influence on ovarian function. Theriogenology 56:569–576. doi:10.1016/S0093-
691X(01)00589-1. 
Allen, W.R., M. Nilsen‐Hamilton, and R.T. Hamilton. 1981. Insulin and growth factors 
stimulate rapid posttranslational changes in glucose transport in ovarian granulosa 
cells. J. Cell. Physiol. 108:15–24. doi:10.1002/jcp.1041080104. 
Andrade, G.M., D. Collado, V. Meirelles, J. Coelho Da Silveira, and F. Perecin. 
Intrafollicular barriers and cellular interactions during ovarian follicle development. 
doi:10.21451/1984-3143-AR2019-0051. 
Andrade, G.M., M. del Collado, F.V. Meirelles, J.C. da Silveira, and F. Perecin. 2019. 
Intrafollicular barriers and cellular interactions during ovarian follicle development. 
Anim. Reprod. 16:485–496. doi:10.21451/1984-3143-AR2019-0051. 
Armstrong, D.T. 1968. Gonadotropins, ovarian metabolism, and steroid biosynthesis.. 
Recent Prog. Horm. Res. 24:255–319. doi:10.1016/b978-1-4831-9827-9.50012-5. 
ARMSTRONG, D.T., and R.O. GREEP. 1962. Effect of gonadotrophic hormones on 
glucose metabolism by luteinized rat ovaries.. Endocrinology 70:701–710. 
doi:10.1210/endo-70-5-701. 
Bagavandoss, P., A.R. Midgley, and M. Wicha. 1983. Developmental changes in the 
ovarian follicualr basal lamina detected by immunofluorescence and electron 
microscopy. J. Histochem. Cytochem. 31:633–640. doi:10.1177/31.5.6341456. 
Baufeld, A., and J. Vanselow. 2018. A tissue culture model of estrogen-producing 
primary bovine granulosa cells. J. Vis. Exp. 2018. doi:10.3791/58208. 
Bauman, D.E., and W. Bruce Currie. 1980. Partitioning of Nutrients During Pregnancy 
and Lactation: A Review of Mechanisms Involving Homeostasis and Homeorhesis. 
J. Dairy Sci. 63:1514–1529. doi:10.3168/jds.S0022-0302(80)83111-0. 
Beam, S.W., and W.R. Butler. 1997. Energy Balance and Ovarian Follicle Development 
Prior to the First Ovulation Postpartum in Dairy Cows Receiving Three Levels of 
Dietary Fat. Biol. Reprod. 56:133–142. doi:10.1095/biolreprod56.1.133. 
Beam, S.W., and W.R. Butler. 1998. Energy Balance, Metabolic Hormones, and Early 
Postpartum Follicular Development in Dairy Cows Fed Prilled Lipid. J. Dairy Sci. 
81:121–131. doi:10.3168/jds.S0022-0302(98)75559-6. 
Beard, A.J., R.J. Castillo, B.J. McLeod, R.G. Glencross, and P.G. Knight. 1990. 
Comparison of the effects of crude and highly purified bovine inhibin (Mr 32 000) 
on plasma concentrations of FSH and LH in chronically ovariectomized prepubertal 
heifers. J. Endocrinol. 125:21–30. doi:10.1677/joe.0.1250021. 
72 
 
Beck, T.W., and E.M. Convey. 1977. Estradiol Control of Serum Luteinizing Hormone 
Concentrations in the Bovine. J. Anim. Sci. 45:1096–1101. 
doi:10.2527/jas1977.4551096x. 
Beg, M.A., and O.J. Ginther. 2006. Follicle selection in cattle and horses: role of 
intrafollicular factors. Reproduction 132:365–77. doi:10.1530/rep.1.01233. 
Ben-Chetrit, A., L. Gotlieb, P.Y. Wong, and R.F. Casper. 1996. Ovarian response to 
recombinant human follicle-stimulating hormone in luteinizing hormone-depleted 
women: examination of the two cell, two gonadotropin theory. Fertil. Steril. 65:711–
717. doi:10.1016/S0015-0282(16)58201-6. 
Bertoldo, M.J., M. Faure, J. Dupont, and P. Froment. 2015. AMPK: A master energy 
regulator for gonadal function. Front. Neurosci. 9. doi:10.3389/fnins.2015.00235. 
Bodensteiner, K.J., M.C. Wiltbank, D.R. Bergfelt, and O.J. Ginther. 1996. Alterations in 
follicular estradiol and gonadotropin receptors during development of bovine antral 
follicles. Theriogenology 45:499–512. doi:10.1016/0093-691X(95)00386-M. 
Boland, N., P. Humpherson, H. Leese, and R. Gosden. 1994. The effects of glucose 
metabolism on murine follicle development and steroidogensis in vitro. Hum. 
Reprod. 9:617–623. 
Boland, N.I., P.G. Humpherson, H.J. Leese, and R.G. Gosden. 1993. Pattern of Lactate 
Production and Steroidogenesis during Growth and Maturation of Mouse Ovarian 
Follicles in Vitro1. Biol. Reprod. 48:798–806. doi:10.1095/biolreprod48.4.798. 
Bond, M.R., and J.A. Hanover. 2015. A little sugar goes a long way: The cell biology of 
O-GlcNAc. J. Cell Biol. 208:869–880. doi:10.1083/jcb.201501101. 
Bullen, J.W., J.L. Balsbaugh, D. Chanda, J. Shabanowitz, D.F. Hunt, D. Neumann, and 
G.W. Hart. 2014. Cross-talk between two essential nutrient-sensitive enzymes O-
GlcNAc Transferase (OGT) and Amp-Activated Protein Kinase (AMPK). J. Biol. 
Chem. 289:10592–10606. doi:10.1074/jbc.M113.523068. 
Butler, S.T., S.H. Pelton, and W.R. Butler. 2006. Energy Balance, Metabolic Status, and 
the First Postpartum Ovarian Follicle Wave in Cows Administered Propylene 
Glycol. J. Dairy Sci. 89:2938–2951. doi:10.3168/jds.s0022-0302(06)72566-8. 
Butler, W.R., and R.D. Smith. 2010. Interrelationships Between Energy Balance and 
Postpartum Reproductive Function in Dairy Cattle. J. Dairy Sci. 72:767–783. 
doi:10.3168/jds.s0022-0302(89)79169-4. 
Calder, M.D., B.E. Salfen, B. Bao, R.S. Youngquist, and H.A. Garverick. 1999. 
Administration of progesterone to cows with ovarian follicular cysts results in a 
reduction in mean LH and LH pulse frequency and initiates ovulatory follicular 
growth.. J. Anim. Sci. 77:3037. doi:10.2527/1999.77113037x. 
Campbell, B.K., V. Onions, N.R. Kendall, L. Guo, and R.J. Scaramuzzi. 2010. The effect 
of monosaccharide sugars and pyruvate on the differentiation and metabolism of 
sheep granulosa cells in vitro in: Reproduction Volume 140 Issue 4 (2010). 
Reproduction 140:541–550. 
Campbell, B.K., R.J. Scaramuzzi, and R. Webb. 1995. Control of antral follicle 
development and selection in sheep and cattle.. J. Reprod. Fertil. Suppl. 49:335–350. 
doi:10.1530/biosciprocs.3.026. 
Campbell, B.K., C. Souza, J. Gong, R. Webb, N. Kendall, P. Marsters, G. Robinson, A. 
73 
 
Mitchell, E.E. Telfer, and D.T. Baird. 2003. Domestic ruminants as models for the 
elucidation of the mechanisms controlling ovarian follicle development in humans. 
Reprod. Suppl. 61:429–443. 
Canfield, R.W., and W.R. Butler. 1990. Energy balance and pulsatile LH secretion in 
early postpartum dairy cattle. Domest. Anim. Endocrinol. 7:323–330. 
doi:10.1016/0739-7240(90)90038-2. 
Champattanachai, V., P. Netsirisawan, P. Chaiyawat, T. Phueaouan, R. 
Charoenwattanasatien, D. Chokchaichamnankit, P. Punyarit, C. Srisomsap, and J. 
Svasti. 2013. Proteomic analysis and abrogated expression of O -GlcNAcylated 
proteins associated with primary breast cancer. Proteomics 13:2088–2099. 
doi:10.1002/pmic.201200126. 
Chantler, E.N., and N.A. Ratcliffe. 1947. Mucus and Related Topics . Symposia of the 
Society for Experimental Biology. Published for the Society for Experimental 
Biology by the Company of Biologists Ltd., Dept. of Zoology, University of 
Cambridge,. 
Chatham, J., and R. Marchase. 2010. Protein O-GlcNAcylation: A Critical Regulator of 
the Cellular Response to Stress. Curr. Signal Transduct. Ther. 5:49–59. 
doi:10.2174/157436210790226492. 
Chavatte-Palmer, P., and M. Guillomot. 2007. Comparative Implantation and 
Placentation. Gynecol. Obstet. Invest. 64:166–174. doi:10.1159/000101742. 
Cheng, X., and G.W. Hart. 2000. Glycosylation of the murine estrogen receptor-α. J. 
Steroid Biochem. Mol. Biol. 75:147–158. doi:10.1016/S0960-0760(00)00167-9. 
Cheng, X., and G.W. Hart. 2001. Alternative O-glycosylation/O-phosphorylation of 
Serine-16 in murine estrogen receptor β: Post-translational regulation of turnover 
and transactivation activity. J. Biol. Chem. 276:10570–10575. 
doi:10.1074/jbc.M010411200. 
Cheong, S.H., O.G.S. Filho, V.A. Absalón-Medina, S.H. Pelton, W.R. Butler, and R.O. 
Gilbert. 2016. Metabolic and Endocrine Differences Between Dairy Cows That Do 
or Do Not Ovulate First Postpartum Dominant Follicles. Biol. Reprod. 94. 
doi:10.1095/biolreprod.114.127076. 
Coffler, M.S., K. Patel, M.H. Dahan, R.Y. Yoo, P.J. Malcom, and R.J. Chang. 2003. 
Enhanced Granulosa Cell Responsiveness to Follicle-Stimulating Hormone during 
Insulin Infusion in Women with Polycystic Ovary Syndrome Treated with 
Pioglitazone. J. Clin. Endocrinol. Metab. 88:5624–5631. doi:10.1210/jc.2003-
030745. 
Comer, F.I., and G.W. Hart. 2000. O-glycosylation of nuclear and cytosolic proteins. 
Dynamic interplay between O-GlcNAc and O-phosphate. J. Biol. Chem. 
275:29179–29182. doi:10.1074/jbc.R000010200. 
Copeland, R.J., J.W. Bullen, and G.W. Hart. 2008. Cross-talk between GlcNAcylation 
and phosphorylation: Roles in insulin resistance and glucose toxicity. Am. J. 
Physiol. - Endocrinol. Metab. 295. doi:10.1152/ajpendo.90281.2008. 
Cortvrindt, R., J. Smitz, and A.C. Van Steirteghem. 1997. Assessment of the need for 
follicle stimulating hormone in early preantral mouse follicle culture in vitro. 
Costermans, N.G.J., J. Keijer, E.M. van Schothorst, B. Kemp, S. Keshtkar, A. 
74 
 
Bunschoten, N.M. Soede, and K.J. Teerds. 2019. In ovaries with high or low 
variation in follicle size, granulosa cells of antral follicles exhibit distinct size-
related processes. Mol. Hum. Reprod. 25:614–624. 
doi:10.1093/MOLEHR/GAZ042. 
Davis, J.S., L.L. Weakland, D.A. Weiland, R. V Farese, L.A. West, and J.A. Haley. 1987. 
Prostaglandin F2a stimulates phosphatidylinositol 4,5-bisphosphate hydrolysis and 
mobilizes intracellular Ca2+; in bovine luteal cells. 
Dehennaut, V., T. Lefebvre, C. Sellier, Y. Leroy, B. Gross, S. Walker, R. Cacan, J.C. 
Michalski, J.P. Vilain, and J.F. Bodart. 2007. O-linked N-
acetylglucosaminyltransferase inhibition prevents G 2/M transition in Xenopus 
laevis oocytes. J. Biol. Chem. 282:12527–12536. doi:10.1074/jbc.M700444200. 
Dehennaut, V., M.C. Slomianny, A. Page, A.S. Vercoutter-Edouart, C. Jessus, J.C. 
Michalski, J.P. Vilain, J.F. Bodart, and T. Lefebvre. 2008. Identification of 
structural and functional O-linked N-acetylglucosamine-bearing proteins in Xenopus 
laevis oocyte. Mol. Cell. Proteomics 7:2229–2245. doi:10.1074/mcp.M700494-
MCP200. 
Dias, W.B., W.D. Cheung, and G.W. Hart. 2012. O-GlcNAcylation of kinases. Biochem. 
Biophys. Res. Commun. 422:224–228. doi:10.1016/j.bbrc.2012.04.124. 
Dupont, J., and R.J. Scaramuzzi. 2016. Insulin signalling and glucose transport in the 
ovary and ovarian function during the ovarian cycle. Biochem. J. 473:1483–1501. 
doi:10.1042/BCJ20160124. 
Ebeling, P., H.A. Koistinen, and V.A. Koivisto. 1998. Insulin-independent glucose 
transport regulates insulin sensitivity. FEBS Lett. 436:301–303. doi:10.1016/S0014-
5793(98)01149-1. 
Edwards, R.G. 1972. Follicular Fluid. J. Reprod. Fertil. 37:182–219. 
Efeyan, A., W.C. Comb, and D.M. Sabatini. 2015. Nutrient-sensing mechanisms and 
pathways. Nature 517:302–310. doi:10.1038/nature14190. 
Eguchi, S., N. Oshiro, T. Miyamoto, K.I. Yoshino, S. Okamoto, T. Ono, U. Kikkawa, and 
K. Yonezawa. 2009a. AMP-activated protein kinase phosphorylates glutamine: 
Fructose-6-phosphate amidotransferase 1 at Ser243 to modulate its enzymatic 
activity. Genes to Cells 14:179–189. doi:10.1111/j.1365-2443.2008.01260.x. 
Eguchi, S., N. Oshiro, T. Miyamoto, K.I. Yoshino, S. Okamoto, T. Ono, U. Kikkawa, and 
K. Yonezawa. 2009b. AMP-activated protein kinase phosphorylates glutamine: 
Fructose-6-phosphate amidotransferase 1 at Ser243 to modulate its enzymatic 
activity. Genes to Cells 14:179–189. doi:10.1111/j.1365-2443.2008.01260.x. 
Eppig, J.J. 1994. Oocyte-somatic cell communication in the ovarian follicles of 
mammals. Semin. Dev. Biol. 5:51–59. doi:10.1006/sedb.1994.1007. 
Fair, T., S.C.J. Hulshof, P. Hyttel, T. Greve, and M. Boland. 1997. Oocyte ultrastructure 
in bovine primordial to early tertiary follicles. Anat. Embryol. (Berl). 195:327–336. 
Flint, A.P.F., and R.M. Denton. 1969. Glucose Metabolism in the Superovulated Rat 
Ovary in vitro: effects of luteinizing hormone and the role of glucose metabolism in 
streoidogenesis. 
Forde, N., A. O’Gorman, H. Whelan, P. Duffy, L. O’Hara, A.K. Kelly, V. Havlicek, U. 
Besenfelder, L. Brennan, and P. Lonergan. 2016. Lactation-induced changes in 
75 
 
metabolic status and follicular-fluid metabolomic profile in postpartum dairy cows. 
Reprod. Fertil. Dev. 28:1882–1892. doi:10.1071/RD14348. 
Fortune, J.E. 1986. Bovine Theca and Granulosa Cells Interact to Promote Androgen 
Production. Biol. Reprod. 35:292–299. 
Frank, L.A., M.L. Sutton-McDowall, H.M. Brown, D.L. Russell, R.B. Gilchrist, and J.G. 
Thompson. 2014. Hyperglycaemic conditions perturb mouse oocyte in vitro 
developmental competence via beta-O-linked glycosylation of heat shock protein 
90.. Hum. Reprod. 29:1292–303. doi:10.1093/humrep/deu066. 
Frank, L.A., M.L. Sutton-McDowall, D.L. Russell, X. Wang, D.K. Feil, R.B. Gilchrist, 
and J.G. Thompson. 2013. Effect of varying glucose and glucosamine concentration 
in vitro on mouse oocyte maturation and developmental competence. Reprod. Fertil. 
Dev. 25:1095. doi:10.1071/RD12275. 
Fu, Z., E. R. Gilbert, and D. Liu. 2013. Regulation of Insulin Synthesis and Secretion and 
Pancreatic Beta-Cell Dysfunction in Diabetes. Curr. Diabetes Rev. 9:25–53. 
doi:10.2174/157339913804143225. 
Gélinas, R., F. Mailleux, J. Dontaine, L. Bultot, B. Demeulder, A. Ginion, E.P. 
Daskalopoulos, H. Esfahani, E. Dubois-Deruy, B. Lauzier, C. Gauthier, A.K. Olson, 
B. Bouchard, C. Des Rosiers, B. Viollet, K. Sakamoto, J.L. Balligand, J.L. 
Vanoverschelde, C. Beauloye, S. Horman, and L. Bertrand. 2018. AMPK activation 
counteracts cardiac hypertrophy by reducing O-GlcNAcylation. Nat. Commun. 9. 
doi:10.1038/s41467-017-02795-4. 
Giannarelli, R., M. Aragona, A. Coppelli, and S. Del Prato. 2003. Reducing insulin 
resistance with metformin: The evidence today. Diabetes Metab. 29. 
doi:10.1016/s1262-3636(03)72785-2. 
Ginther, O., M.C. Wiltbank, P.M. Fricke, J. Gibbons, and K. Kot. 1996. Selection of the 
dominant follicle in cattle. Biol. Reprod. 55:1187–1194. 
doi:10.1095/biolreprod55.6.1187. 
Ginther, O.J., D.R. Bergfelt, M.A. Beg, and K. Kot. 2001. Follicle Selection in Cattle: 
Role of Luteinizing Hormone. Biol. Reprod. 64:197–205. 
doi:10.1095/biolreprod64.1.197. 
Ginther, O.J., D.R. Bergfelt, L.J. Kulick, and K. Kot. 1999. Selection of the dominant 
follicle in cattle: Establishment of follicle deviation in less than 8 hours through 
depression of FSH concentrations. Theriogenology 52:1079–1093. 
doi:10.1016/S0093-691X(99)00196-X. 
Ginther, O.J., L. Knopf, and J.P. Kastelic. 1989. Temporal associations among ovarian 
events in cattle during oestrous cycles with two and three follicular waves.. J. 
Reprod. Fertil. 87:223–30. doi:10.1530/JRF.0.0870223. 
Ginther, O.J., K. Kot, L.J. Kulick, and M.C. Wiltbank. 1997. Emergence and deviation of 
follicles during the development of follicular waves in cattle. Theriogenology 
48:75–87. 
Girard, A., I. Dufort, G. Douville, and M.A. Sirard. 2015. Global gene expression in 
granulosa cells of growing, plateau and atretic dominant follicles in cattle. Reprod. 
Biol. Endocrinol. 13:17. doi:10.1186/s12958-015-0010-7. 
Glister, C., D.S. Tannetta, N.P. Groome, and P.G. Knight. 2001. Interactions Between 
76 
 
Follicle-Stimulating Hormone and Growth Factors in Modulating Secretion of 
Steroids and Inhibin-Related Peptides by Nonluteinized Bovine Granulosa Cells. 
Biol. Reprod. 65:1020–1028. doi:10.1095/biolreprod65.4.1020. 
Gong, J.G., W.J. Lee, P.C. Garnsworthy, and R. Webb. 2002. Effect of dietary-induced 
increases in circulating insulin concentrations during the early postpartum period on 
reproductive function in dairy cows.. Reproduction 123:419–27. 
Graaf, R. De. 1672. De Mulierum Organis Generationi Inservientibus. 
Grimes, R.W., P. Matton, and J.J. Ireland. 1987. A Comparison of Histological and Non-
histological Indices of Atresia and Follicular Function1. Biol. Reprod. 37:82–88. 
doi:10.1095/biolreprod37.1.82. 
Gulyas, B.J., G.D. Hodgen, W.W. Tullner, and G.T. Ross. 1977. Effects of Fetal or 
Maternal Hypophysectomy on Endocrine Organs and Body Weight in Infant Rhesus 
Monkeys (Macaca mulatta): With Particular Emphasis on Oogenesis. Biol. Reprod. 
16:216–227. doi:10.1095/biolreprod16.2.216. 
Gupte, A.A., H.J. Pownall, and D.J. Hamilton. 2015. Estrogen: An emerging regulator of 
insulin action and mitochondrial function. J. Diabetes Res. 2015. 
doi:10.1155/2015/916585. 
Gutiérrez, C.G., B.K. Campbell, and R. Webb. 1997. Development of a long-term bovine 
granulosa cell culture system: induction and maintenance of estradiol production, 
response to follicle-stimulating hormone, and morphological characteristics.. Biol. 
Reprod. 56:608–616. doi:10.1095/biolreprod56.3.608. 
Gutnisky, C., G.C. Dalvit, L.N. Pintos, J.G. Thompson, M.T. Beconi, and P.D. Cetica. 
2007. Influence of hyaluronic acid synthesis and cumulus mucification on bovine 
oocyte in vitro maturation, fertilisation and embryo development.. Reprod. Fertil. 
Dev. 19:488–97. doi:10.1071/rd06134. 
Hamberger, L.A., and K.E. Ahrén. 1967. Effects of gonadotrophins in vitro on glucose 
uptake and lactic acid production of ovaries from prepubertal and 
hypophysectomized rats.. Endocrinology 81:93–100. doi:10.1210/endo-81-1-93. 
Hamid, D., Z.S. Ahmad, Z. Mohammad Javad, D. Morteza, K. Hamid, A.P. Zarbakht, A. 
Amir, Z. Mahdi, i, and K. Mahdi. 2011. Effect of glucose, lactate and pyruvate 
concentrations on in vitro growth of goat granulosa cell. African J. Biotechnol. 
10:7874–7877. doi:10.5897/ajb11.828. 
Hardie, D.G., F.A. Ross, and S.A. Hawley. 2012. AMPK: A nutrient and energy sensor 
that maintains energy homeostasis. Nat. Rev. Mol. Cell Biol. 13:251–262. 
doi:10.1038/nrm3311. 
Hardivillé, S., and G.W. Hart. 2014. Nutrient regulation of signaling, transcription, and 
cell physiology by O- GlcNAcylation. Cell Metab. 20:208–213. 
doi:10.1016/j.cmet.2014.07.014. 
Hart, G.W., and Y. Akimoto. 2009. The O-GlcNAc Modification. Cold Spring Harbor 
Laboratory Press. 
Hart, G.W., and K. Sakabe. 2006. Fine-Tuning ER-β Structure with PTMs. Chem. Biol. 
13:923–924. doi:10.1016/j.chembiol.2006.09.001. 
Hart, G.W., C. Slawson, G. Ramirez-Correa, and O. Lagerlof. 2011. Cross Talk Between 
O-GlcNAcylation and Phosphorylation: Roles in Signaling, Transcription, and 
77 
 
Chronic Disease. Annu. Rev. Biochem. 80:825–858. doi:10.1146/annurev-biochem-
060608-102511. 
Hatzirodos, N., J. Nigro, H.F. Irving-Rodgers, A. V. Vashi, K. Hummitzsch, B. Caterson, 
T.R. Sullivan, and R.J. Rodgers. 2012. Glycomic analyses of ovarian follicles during 
development and atresia. Matrix Biol. 31:45–56. doi:10.1016/j.matbio.2011.10.002. 
Henderson, K.M., and Y.S. Moon. 1979. Luteinization of bovine granulosa cells and 
corpus luteum formation associated with loss of androgen-aromatizing ability. J. 
Reprod. Fertil. 56:89–97. 
Heydon, R.A., and N.R. Adams. 1979. Comparative Morphology and Mucus 
Histochemistry of the Ruminant Cervix: Differences between Crypt and Surface 
Epithelium. Biol. Reprod. 21:557–562. 
Hillier, S.G., A. Purohit, and L.E. Reichert. 1985. Control of Granulosa Cell Lactate 
Production by Follicle-Stimulating Hormone and Androgen*. Endocrinology 
116:1163–1167. doi:10.1210/endo-116-3-1163. 
Horsch, M., L. Hoesch, A. Vasella, and D.M. Rast. 1991. N-Acetylgucosaminono-1,5-
lactone oxime and the corresponding (phenylcarbamoyl)oxime. Novel and potent 
inhibitors of beta-N-acetylglucosaminidase. Eur. J. Biochem. 197:815–818. 
doi:10.1111/j.1432-1033.1991.tb15976.x. 
Hyun, S., S.B. Johnson, and S. Bakken. 2015. Regulation of Granulosa and Theca Cell 
Transcriptomes During Ovarian Antral Follicle Development 27:215–225. 
doi:10.1097/NCN.0b013e3181a91b58.Exploring. 
Ireland, J.J., M. Mihm, E. Austin, M.G. Diskin, and J.F. Roche. 2000. Historical 
Perspective of Turnover of Dominant Follicles During the Bovine Estrous Cycle: 
Key Concepts, Studies, Advancements, and Terms. 
Ireland, J.J., R.L. Murphee, and P.B. Coulson. 1980. Accuracy of Predicting Stages of 
Bovine Estrous Cycle by Gross Appearance of the Corpus Luteum. J. Dairy Sci. 
63:155–160. doi:10.3168/jds.S0022-0302(80)82901-8. 
Ireland, J.J., and J.F. Roche. 1983. Development of nonovulatory antral follicles in 
heifers: Changes in steroids in follicular fluid and receptors for gonadotr opins. 
Endocrinology 112:150–156. doi:10.1210/endo-112-1-150. 
Jaskiewicz, N. M., C. Hermawan, S. Parisi, and D.H. Townson. 2017. O-GlcNAcylation 
enhances the tumorigenic properties of cervical cancer cells in vitro. Clin. Obstet. 
Gynecol. Reprod. Med. 3. doi:10.15761/cogrm.1000183. 
Jaskiewicz, N.M., and D.H. Townson. 2019. Hyper-O-GlcNAcylation promotes 
epithelial-mesenchymal transition in endometrial cancer cells. Oncotarget 10:2899–
2910. doi:10.18632/oncotarget.26884. 
Jiang, M., Z. Qiu, S. Zhang, X. Fan, X. Cai, B. Xu, X. Li, J. Zhou, X. Zhang, Y. Chu, W. 
Wang, J. Liang, T. Horvath, X. Yang, K. Wu, Y. Nie, and D. Fan. 2016. Elevated O-
GlcNAcylation promotes gastric cancer cells proliferation by modulating cell cycle 
related proteins and ERK 1/2 signaling. Oncotarget 7:61390–61402. 
doi:10.18632/oncotarget.11359. 
Jolly, P.D., D.J. Tisdall, D.A. Heath, S. Lun, and K.P. Mcnatty. 1994. Apoptosis in 
Bovine Granulosa Cells in Relation to Steroid Synthesis, Cyclic Adenosine 3′,5′-
Monophosphate Response to Follicle-Stimulating Hormone and Luteinizing 
78 
 
Hormone, and Follicular Atresia. Biol. Reprod. 51:934–944. 
doi:10.1095/biolreprod51.5.934. 
Jorritsma, R., M.L. César, J.T. Hermans, C.L.J.J. Kruitwagen, P.L.A.M. Vos, and T.A.M. 
Kruip. 2004. Effects of non-esterified fatty acids on bovine granulosa cells and 
developmental potential of oocytes in vitro. Anim. Reprod. Sci. 81:225–235. 
doi:10.1016/j.anireprosci.2003.10.005. 
Kaneko, H., H. Kishi, G. Watanabe, K. Taya, S. Sasmoto, and Y. Hasegawa. 1995. 
Changes in Plasma Concentrations of Immunoreactive Inhibin, Estradiol and FSH 
Associated with Follicular Waves during the Estrous Cycle of the Cow. J. Reprod. 
Dev. 41:311–320. doi:10.1262/jrd.41.311. 
Kanwal, S., Y. Fardini, P. Pagesy, T. N’Tumba-Byn, C. Pierre-Eugène, E. Masson, C. 
Hampe, and T. Issad. 2013. O-GlcNAcylation-Inducing Treatments Inhibit Estrogen 
Receptor α Expression and Confer Resistance to 4-OH-Tamoxifen in Human Breast 
Cancer-Derived MCF-7 Cells. PLoS One 8. doi:10.1371/journal.pone.0069150. 
Katz, M., H. Lehrer, L. Livshitz, S. Yakoby, and U. Moallem. 2010. Role of Peripartum 
Dietary Propylene Glycol or Protected Fats on Metabolism and Early Postpartum 
Ovarian Follicles. J. Dairy Sci. 90:1243–1254. doi:10.3168/jds.s0022-
0302(07)71613-2. 
Kayampilly, P.P., and K.M.J. Menon. 2009. Follicle-Stimulating Hormone Inhibits 
Adenosine 5′-Monophosphate-Activated Protein Kinase Activation and Promotes 
Cell Proliferation of Primary Granulosa Cells in Culture through an Akt-Dependent 
Pathway. Endocrinology 150:929–935. doi:10.1210/en.2008-1032. 
Ke, R., Q. Xu, C. Li, L. Luo, and D. Huang. 2018. Mechanisms of AMPK in the 
maintenance of ATP balance during energy metabolism. Cell Biol. Int. 42:384–392. 
doi:10.1002/cbin.10915. 
Keembiyehetty, C., D.C. Love, K.R. Harwood, O. Gavrilova, M.E. Comly, and J.A. 
Hanover. 2015. Conditional knock-out reveals a requirement for O-Linked N-
Acetylglucosaminase (O-GlcNAcase) in metabolic homeostasis. J. Biol. Chem. 
290:7097–7113. doi:10.1074/jbc.M114.617779. 
Kidder, G.M., and B.C. Vanderhyden. 2010. Bidirectional communication between 
oocytes and follicle cells: Ensuring oocyte developmental competence. Can. J. 
Physiol. Pharmacol. 88:399–413. doi:10.1139/Y10-009. 
Kim, E., H.H. Seok, D.-R. Lee, T.-K. Yoon, W.-S. Lee, and K.-A. Lee. 2010. Expression 
of glucose transporters (GLUTS) in granulosa cells according to insulin resistance 
and metabolic syndrome in PCOS pateints. Fertil. Steril. 94:S192. 
doi:10.1016/j.fertnstert.2010.07.748. 
Kim, E.J., D.O. Kang, D.C. Love, and J.A. Hanover. 2006. Enzymatic characterization of 
O-GlcNAcase isoforms using a fluorogenic GlcNAc substrate. Carbohydr. Res. 
341:971–982. doi:10.1016/j.carres.2006.03.004. 
Knight, P., and C. Glister. 2001. Potential local regulatory functions of inhibins, activins 
and follistatin in the ovary. Reproduction 121:503–512. 
Kodaman, P.H., and H.R. Behrman. 1999. Hormone-regulated and glucose-sensitive 




Kol, S., I. Ben-Shlomo, K. Ruutiainen, M. Ando, T.M. Davies-Hill, R.M. Rohan, I.A. 
Simpson, and E.Y. Adashi. 1997. The midcycle increase in ovarian glucose uptake 
is associated with enhanced expression of glucose transporter 3: Possible role for 
interleukin- 1, a putative intermediary in the ovulatory process. J. Clin. Invest. 
99:2274–2283. doi:10.1172/JCI119403. 
Kolm-Litty, V., U. Sauer, A. Nerlich, R. Lehmann, and E.D. Schleicher. 1998. High 
glucose-induced transforming growth factor β1 production is mediated by the 
hexosamine pathway in porcine glomerular mesangial cells. J. Clin. Invest. 
101:160–169. doi:10.1172/JCI119875. 
De Koster, J.D., and G. Opsomer. 2013. Insulin resistance in dairy cows. Vet. Clin. North 
Am. - Food Anim. Pract. 29:299–322. doi:10.1016/j.cvfa.2013.04.002. 
Kotsuji, F., and T. Tominaga. 1994. The role of granulosa and theca cell interactions in 
ovarian structure and function. Microsc. Res. Tech. 27:97–107. 
doi:10.1002/jemt.1070270204. 
Lashen, H. 2010. Review: Role of metformin in the management of polycystic ovary 
syndrome. Ther. Adv. Endocrinol. Metab. 1:117–128. 
doi:10.1177/2042018810380215. 
Lee, T.N., W.E. Alborn, M.D. Knierman, and R.J. Konrad. 2006. Alloxan is an inhibitor 
of O-GlcNAc-selective N-acetyl-β-d-glucosaminidase. Biochem. Biophys. Res. 
Commun. 350:1038–1043. doi:10.1016/j.bbrc.2006.09.155. 
Lenzen, S., and U. Panten. 1988. Alloxan: history and mechanism of action.. 
Diabetologia 31:337–42. doi:10.1007/bf02341500. 
Leroy, J.L.M.R., A. Van Soom, G. Opsomer, and P.E.J. Bols. 2008. The consequences of 
metabolic changes in high-yielding dairy cows on oocyte and embryo quality. 
Animal 2:1120–1127. doi:10.1017/s1751731108002383. 
Leroy, J.L.M.R., T. Vanholder, J.R. Delanghe, G. Opsomer, A. Van Soom, P.E.J. Bols, J. 
Dewulf, and A. De Kruif. 2004a. Metabolic changes in follicular fluid of the 
dominant follicle in high-yielding dairy cows early post partum. Theriogenology 
62:1131–1143. doi:10.1016/j.theriogenology.2003.12.017. 
Leroy, J.L.M.R., T. Vanholder, J.R. Delanghe, G. Opsomer, A. Van Soom, P.E.J. Bols, 
and A. De Kruif. 2004b. Metabolite and ionic composition of follicular fluid from 
different-sized follicles and their relationship to serum concentrations in dairy cows. 
Anim. Reprod. Sci. 80:201–211. doi:10.1016/S0378-4320(03)00173-8. 
Leroy, J.L.M.R., T. Vanholder, B. Mateusen, A. Christophe, G. Opsomer, A. de Kruif, G. 
Genicot, and A. Van Soom. 2005. Non-esterified fatty acids in follicular fluid of 
dairy cows and their effect on developmental capacity of bovine oocytes in vitro. 
Reproduction 130:485–495. doi:10.1530/rep.1.00735. 
Li, M.-D., N.B. Vera, Y. Yang, B. Zhang, W. Ni, E. Ziso-Qejvanaj, S. Ding, K. Zhang, 
R. Yin, S. Wang, X. Zhou, E.X. Fang, T. Xu, D.M. Erion, and X. Yang. 2018. 
Adipocyte OGT governs diet-induced hyperphagia and obesity. Nat. Commun. 
9:5103. doi:10.1038/s41467-018-07461-x. 
Li, S., and W. Winuthayanon. 2017. Oviduct: Roles in fertilization and early embryo 
development. J. Endocrinol. 232:R1–R26. doi:10.1530/JOE-16-0302. 
Li, Y., C. Roux, S. Lazereg, J.P. LeCaer, O. Laprévote, B. Badet, and M.A. Badet-
80 
 
Denisot. 2007. Identification of a novel serine phosphorylation site in human 
glutamine:fructose-6-phosphate amidotransferase isoform 1. Biochemistry 
46:13163–13169. doi:10.1021/bi700694c. 
Liu, Q., T. Tao, F. Liu, R. Ni, C. Lu, and A. Shen. 2016. Hyper-O-GlcNAcylation of YB-
1 affects Ser102 phosphorylation and promotes cell proliferation in hepatocellular 
carcinoma. Exp. Cell Res. 349:230–238. doi:10.1016/j.yexcr.2016.10.011. 
Liu, Y.-X., and A.J.W. Hsueh. 1986. Synergism between Granulosa and Theca-
Interstitial Cells in Estrogen Biosynthesis by Gonadotropin-Treated Rat Ovaries: 
Studies on the Two-Cell, Two-Gonadotropin Hypothesis Using Steroid Antisera. 
Biol. Reprod. 35:27–36. doi:10.1095/biolreprod35.1.27. 
Lombard, L., B.B. Morgan, and S.H. McNutt. 1950. The morphology of the oviduct of 
virgin heifers in relation to the estrous cycle. J. Morphol. 86:1–23. 
doi:10.1002/jmor.1050860102. 
Lucy, M.C. 2016. Mechanisms linking postpartum metabolism and repdroduction. 
WCDS Adv. Dairy Technol. 28:259–269. 
Lucy, M.C. 2018. The bovine dominant ovarian follicle 89–99. doi:10.2527/jas.2006-
663. 
Luo, B., G.J. Parker, R.C. Cooksey, Y. Soesanto, M. Evans, D. Jones, and D.A. McClain. 
2007. Chronic hexosamine flux stimulates fatty acid oxidation by activating AMP-
activated protein kinase in adipocytes. J. Biol. Chem. 282:7172–7180. 
doi:10.1074/jbc.M607362200. 
Ma, J., and G.W. Hart. 2013. Protein O-GlcNAcylation in diabetes and diabetic 
complications. Expert Rev. Proteomics 10:365–380. 
doi:10.1586/14789450.2013.820536. 
Marian, J., and M. Conn. 1979. Gonadotropin Releasing Hormone Stimulation of 
Cultured Pituitary Cells Requires Calcium. Mol. Pharmacol. 16. 
Marinov, U., and J.E. Lovell. 1967. Secretory and ciliated cells of the bovine cervix.. 
Am. J. Vet. Res. 28:1763–72. 
Marshall, S., W.T. Garvey, and R.R. Traxinger. 1991. New insights into the metabolic 
regulation of insulin action and insulin resistance: role of glucose and amino acids. 
FASEB J. 5:3031–3036. doi:10.1096/fasebj.5.15.1743436. 
McClain, D.A., and E.D. Crook. 1996. Hexosamines and insulin resistance. Diabetes 
45:1003–1009. doi:10.2337/diab.45.8.1003. 
McNatty, K.P., D.A. Heath, K.M. Henderson, S. Lun, P.R. Hurst, L.M. Ellis, G.W. 
Montgomery, L. Morrison, and D.C. Thurley. 1984. Some aspects of thecal and 
granulosa cell function during follicular development in the bovine ovary. J. Reprod. 
Fertil. 72:39–53. 
Meidan, R., E. Girsh, O. Blum, and E. Aberdam. 1990. In Vitro Differentiation of Bovine 
Theca and Granulosa Cells into Small and Large Luteal-like Cells: Morphological 
and Functional Characteristics. Biol. Reprod. 43:913–921. 
doi:10.1095/biolreprod43.6.913. 
Miyamoto, A., and K. Shirasuna. 2009. Luteolysis in the cow: a novel concept of 
vasoactive molecules. Colégio Brasileiro de Reprodução Animal. 
Montiel, F., and C. Ahuja. 2005. Body condition and suckling as factors influencing the 
81 
 
duration of postpartum anestrus in cattle: A review. Anim. Reprod. Sci. 85:1–26. 
doi:10.1016/j.anireprosci.2003.11.001. 
Morita, Y., and J.L. Tilly. 1999. Oocyte apoptosis: Like sand through an hourglass. Dev. 
Biol. 213:1–17. doi:10.1006/dbio.1999.9344. 
Mullins, J.K., and R.G. Saacke. 1989. Study of the functional anatomy of bovine cervical 
mucosa with special reference to mucus secretion and sperm transport. Anat. Rec. 
225:106–117. doi:10.1002/ar.1092250205. 
Murata, K., K. Morino, S. Ida, N. Ohashi, M. Lemecha, S.Y. Park, A. Ishikado, S. Kume, 
C.S. Choi, O. Sekine, S. Ugi, and H. Maegawa. 2018. Lack of O-GlcNAcylation 
enhances exercise-dependent glucose utilization potentially through AMP-activated 
protein kinase activation in skeletal muscle. Biochem. Biophys. Res. Commun. 
495:2098–2104. doi:10.1016/j.bbrc.2017.12.081. 
Nandi, S., V. Girish Kumar, B.M. Manjunatha, H.S. Ramesh, and P.S.P. Gupta. 2008. 
Follicular fluid concentrations of glucose, lactate and pyruvate in buffalo and sheep, 
and their effects on cultured oocytes, granulosa and cumulus cells. Theriogenology 
69:186–196. doi:10.1016/j.theriogenology.2007.08.036. 
Nandi, S., V.G. Kumar, B.M. Manjunatha, and P.S.P. Gupta. 2007. Biochemical 
composition of ovine follicular fluid in relation to follicle size. Dev. Growth Differ. 
49:61–66. doi:10.1111/j.1440-169X.2007.00901.x. 
O’Donnell, N., N.E. Zachara, G.W. Hart, and J.D. Marth. 2004. Ogt-Dependent X-
Chromosome-Linked Protein Glycosylation Is a Requisite Modification in Somatic 
Cell Function and Embryo Viability. Mol. Cell. Biol. 24:1680–1690. 
doi:10.1128/mcb.24.4.1680-1690.2004. 
Oktay, K., H. Newton, J. Mullan, and R.G. Gosden. 1998. Development of human 
primordial follicles to antral stages in SCID/hpg mice stimulated with follicle 
stimulating hormone.. Hum. Reprod. 13:1133–1138. 
Orsi, N.M., N. Gopichandran, H.J. Leese, H.M. Picton, and S.E. Harris. 2005a. 
Fluctuations in bovine ovarian follicular fluid composition throughout the oestrous 
cycle. Reproduction 129:219–228. doi:10.1530/rep.1.00460. 
Orsi, N.M., N. Gopichandran, H.J. Leese, H.M. Picton, and S.E. Harris. 2005b. 
Fluctuations in bovine ovarian follicular fluid composition throughout the oestrous 
cycle. Reproduction 129:219–228. doi:10.1530/rep.1.00460. 
Ortiz-Meoz, R.F., J. Jiang, M.B. Lazarus, M. Orman, J. Janetzko, C. Fan, D.Y. Duveau, 
Z.W. Tan, C.J. Thomas, and S. Walker. 2015. A Small Molecule That Inhibits OGT 
Activity in Cells. ACS Chem. Biol. 10:1392–1397. 
doi:10.1021/acschembio.5b00004. 
Perry, G.A., and B.L. Perry. 2008. Effect of preovulatory concentrations of estradiol and 
initiation of standing estrus on uterine pH in beef cows. Domest. Anim. Endocrinol. 
34:333–338. doi:10.1016/j.domaniend.2007.09.003. 
Peter, A.T., P.L.A.M. Vos, and D.J. Ambrose. 2009. Postpartum anestrus in dairy cattle. 
Theriogenology 71:1333–1342. doi:10.1016/j.theriogenology.2008.11.012. 
Pohler, K.G., T.W. Geary, J.A. Atkins, G.A. Perry, E.M. Jinks, and M.F. Smith. 2012. 
Follicular determinants of pregnancy establishment and maintenance. Cell Tissue 
Res 349:649–664. doi:10.1007/s00441-012-1386-8. 
82 
 
Poretsky, L., and M. Kalin. 1987. the gonadotropic function of insulin. Endocr. Rev. 
8:132–141. 
Price, C.A., and R. Webb. 1988. Steroid Control of Gonadotropin Secretion and Ovarian 
Function in Heifers. Endocrinology 122:2222–2231. doi:10.1210/endo-122-5-2222. 
Quirk, S.M., G.J. Hickey, and J.E. Fortune. 1986. Growth and regression of ovarian 
follicles during the follicular phase of the oestrous cycle in heifers undergoing 
spontaneous and PGF-2a-induced luteolysis. J. Reprod. Fertil. 77:211–219. 
Rabiee, A.R., I.J. Lean, J.M. Gooden, B.G. Miller, and R.J. Scaramuzzi. 1997. An 
evaluation of transovarian uptake of metabolites using arterio-venous difference 
methods in dairy cattle. Anim. Reprod. Sci.. doi:10.1016/S0378-4320(97)00032-8. 
Rajakoski, E. 1960. The ovarian follicular system in sexually mature heifers with special 
reference to seasonal, cyclical, and left-right variations. Obstet. Gynecol. Surv. 
15:836–838. doi:10.1530/acta.0.XXXIVS0007. 
Richards, J.A.S., Y.A. Ren, N. Candelaria, J.E. Adams, and A. Rajkovic. 2018. Ovarian 
follicular theca cell recruitment, differentiation, and impact on fertility: 2017 update. 
Endocr. Rev. 39:1–20. doi:10.1210/er.2017-00164. 
Roche, J.F. 1996. Control and regulation of folliculogenesis-a symposium in perspective. 
Rodgers, R.J., and H. Irving-Rodgers. 2010a. Morphological classification of bovine 
ovarian follicles. Reproduction 139:309–318. doi:10.1530/REP-09-0177. 
Rodgers, R.J., and H.F. Irving-Rodgers. 2010b. Formation of the Ovarian Follicular 
Antrum and Follicular Fluid1. Biol. Reprod. 82:1021–1029. 
doi:10.1095/biolreprod.109.082941. 
Rodgers, R.J., H.F. Rodgers, P.F. Hall, M.R. Waterman, and E.R. Simpson. 1986. 
Immunolocalization of cholesterol side-chain-cleavage cytochrome P-450 and 17α-
hydroxylase cytochrome P-450 in bovine ovarian follicles. J. Reprod. Fertil. 78:627–
638. 
Rovani, M.T. omazel., B.G. arzier. Gasperin, G.F. reita. Ilha, R. Ferreira, R.C. 
amponogar. Bohrer, R. Duggavathi, V. Bordignon, and P.B. ayar. D. Gonçalves. 
2014. Expression and molecular consequences of inhibition of estrogen receptors in 
granulosa cells of bovine follicles. J. Ovarian Res. 7:96. doi:10.1186/s13048-014-
0096-0. 
Salvetti, N.R., J.C. Acosta, E.J. Gimeno, L.A. Müller, R.A. Mazzini, A.F. Taboada, and 
H.H. Ortega. 2007. Estrogen receptors α and β and progesterone receptors in normal 
bovine ovarian follicles and cystic ovarian disease. Vet. Pathol. 44:373–378. 
doi:10.1354/vp.44-3-373. 
Saxton, R.A., and D.M. Sabatini. 2017. mTOR Signaling in Growth, Metabolism, and 
Disease. Cell 168:960–976. doi:10.1016/j.cell.2017.02.004. 
Scaramuzzi, R.J., B.K. Campbell, C.J.H. Souza, and D.T. Baird. 2010. Glucose uptake 
and lactate production by the autotransplanted ovary of the ewe during the luteal and 
follicular phases of the oestrous cycle. Theriogenology 73:1061–1067. 
doi:10.1016/j.theriogenology.2010.01.005. 
Schally, A. V, A. Arimura, A.J. Kastin, H. Matsuo, Y. Baba, T.W. Redding, R.M. Nair, 
L. Debeljuk, and W.F. White. 1971. Gonadotropin-releasing hormone: one 
polypeptide regulates secretion of luteinizing and follicle-stimulating hormones.. 
83 
 
Science 173:1036–8. doi:10.1126/SCIENCE.173.4001.1036. 
Schams, D., E. Schallenberger, B. Hoffmann, and H. Karg. 1977. The oestrous cycle of 
the cow: hormonal parameters and time relationships concerning oestrus, ovulation, 
and electrical resistance of the vaginal mucus. Eur. J. Endocrinol. 86:180–192. 
doi:10.1530/acta.0.0860180. 
Schelbach, C.J., K.L. Kind, M. Lane, and J.G. Thompson. 2010. Mechanisms 
contributing to the reduced developmental competence of glucosamine-exposed 
mouse oocytes. Reprod. Fertil. Dev. 22:771. doi:10.1071/RD09193. 
Shafi, R., S.P.N. Iyer, L.G. Ellies, N. O’Donnell, K.W. Marek, D. Chui, G.W. Hart, and 
J.D. Marth. 2000. The O-GlcNAc transferase gene resides on the X chromosome 
and is essential for embryonic stem cell viability and mouse ontogeny. Proc. Natl. 
Acad. Sci. U. S. A. 97:5735–5739. doi:10.1073/pnas.100471497. 
Shafi, R., S. Prasad, N. Iyer, L.G. Ellies, N. O’donnell, K.W. Marek, D. Chui, G.W. Hart, 
J.D. Marth, and G.E. Palade. 2009. The O-GlcNAc transferase gene resides on the X 
chromosome and is essential for embryonic stem cell viability and mouse ontogeny. 
Shamoon, H., and P. Felig. 1974. Effects of Estrogen on Glucose Uptake by Rat Muscle. 
Yale J. Biol. Med. 47:227. 
Sharma, A., V.S. Baddela, F. Becker, D. Dannenberger, T. Viergutz, and J. Vanselow. 
2019. Elevated free fatty acids affect bovine granulosa cell function: a molecular cue 
for compromised reproduction during negative energy balance. Endocr. Connect. 
8:493–505. doi:10.1530/ec-19-0011. 
Shehab-El-Deen, M.A.M.M., J.L.M.R. Leroy, M.S. Fadel, S.Y.A. Saleh, D. Maes, and A. 
Van Soom. 2010. Biochemical changes in the follicular fluid of the dominant follicle 
of high producing dairy cows exposed to heat stress early post-partum. Anim. 
Reprod. Sci. 117:189–200. doi:10.1016/j.anireprosci.2009.04.013. 
Sirois, J., and J.E. Fortune. 1988. Ovarian Follicular Dynamics during the Estrous Cycle 
in Heifers Monitored by Real-Time UItrasonography. Biol. Reprod. 39:308–317. 
doi:10.1095/biolreprod39.2.308. 
Skinner, M.K., E.E. Nilsson, and R.K. Bhandari. 2010. Cell–Cell Signaling in the Testis 
and Ovary. Elsevier. 
Staples, C.R., W.W. Thatcher, and J.H. Clark. 1990. Relationship Between Ovarian 
Activity and Energy Status During the Early Postpartum Period of High Producing 
Dairy Cows. J. Dairy Sci. 73:938–947. doi:10.3168/jds.S0022-0302(90)78750-4. 
Steenackers, A., S. Olivier-Van Stichelen, S.F. Baldini, V. Dehennaut, R.-A. Toillon, X. 
Le Bourhis, I. El Yazidi-Belkoura, and T. Lefebvre. 2016. Silencing the 
Nucleocytoplasmic O-GlcNAc Transferase Reduces Proliferation, Adhesion, and 
Migration of Cancer and Fetal Human Colon Cell Lines. Front. Endocrinol. 
(Lausanne). 7:46. doi:10.3389/fendo.2016.00046. 
Sugiura, K., F.L. Pendola, and J.J. Eppig. 2005. Oocyte control of metabolic 
cooperativity between oocytes and companion granulosa cells: Energy metabolism. 
Dev. Biol. 279:20–30. doi:10.1016/j.ydbio.2004.11.027. 
Sunderland, S.J., M.A. Crowe, M.P. Boland, J.F. Roche, and J.J. Ireland. 1994. Selection, 
dominance and atresia of follicles during the oestrous cycle of heifers.. J. Reprod. 
Fertil. 101:547–55. doi:10.1530/JRF.0.1010547. 
84 
 
Sutton-Mcdowall, M.L., M. Mitchell, P. Cetica, G. Dalvit, M. Pantaleon, M. Lane, R.B. 
Gilchrist, and J.G. Thompson. 2006. Glucosamine Supplementation During In Vitro 
Maturation Inhibits Subsequent Embryo Development: Possible Role of the 
Hexosamine Pathway as a Regulator of Developmental Competence 1. Biol. 
Reprod. 74:881–888. doi:10.1095/biolreprod.105.048553. 
Sutton-McDowall, M.L., M. Mitchell, P. Cetica, G. Dalvit, M. Pantaleon, M. Lane, R.B. 
Gilchrist, and J.G. Thompson. 2006a. Glucosamine Supplementation During In 
Vitro Maturation Inhibits Subsequent Embryo Development: Possible Role of the 
Hexosamine Pathway as a Regulator of Developmental Competence1. Biol. Reprod. 
74:881–888. doi:10.1095/biolreprod.105.048553. 
Sutton-McDowall, M.L., M. Mitchell, P. Cetica, G. Dalvit, M. Pantaleon, M. Lane, R.B. 
Gilchrist, and J.G. Thompson. 2006b. Glucosamine Supplementation During In 
Vitro Maturation Inhibits Subsequent Embryo Development: Possible Role of the 
Hexosamine Pathway as a Regulator of Developmental Competence1. Biol. Reprod. 
74:881–888. doi:10.1095/biolreprod.105.048553. 
Tosca, L., C. Chabrolle, … S.U.-B. of, and U. 2007. 2007. Effects of metformin on 
bovine granulosa cells steroidogenesis: possible involvement of adenosine 5′ 
monophosphate-activated protein kinase (AMPK). Biol. Reprod. 76:368–378. 
Tosca, L., P. Froment, P. Solnais, P. Ferré, F. Foufelle, and J. Dupont. 2005. Adenosine 
5′-monophosphate-activated protein kinase regulates progesterone secretion in rat 
granulosa cells. Endocrinology 146:4500–4513. doi:10.1210/en.2005-0301. 
Tosca, L., C. Ramé, C. Chabrolle, S. Tesseraud, and J. Dupont. 2010. Metformin 
decreases IGF1-induced cell proliferation and protein synthesis through AMP-
activated protein kinase in cultured bovine granulosa cells. Reproduction 139–409. 
doi:10.1530/REP-09-0351. 
Tosca, L., P. Solnais, P. Ferré, … F.F.-B. of, and U. 2006. 2006. Metformin-induced 
stimulation of adenosine 5′ monophosphate-activated protein kinase (PRKA) 
impairs progesterone secretion in rat granulosa cells. Biol. Reprod. 75:342–351. 
Tourzani, D.A., B. Paudel, P. V. Miranda, P.E. Visconti, and M.G. Gervasi. 2018. 
Changes in Protein O-GlcNAcylation During Mouse Epididymal Sperm Maturation. 
Front. Cell Dev. Biol. 6:60. doi:10.3389/fcell.2018.00060. 
True, C., K.L. Grove, and M.S. Smith. 2011. Beyond leptin: Emerging candidates for the 
integration of metabolic and reproductive function during negative energy balance. 
Front. Endocrinol. (Lausanne). 2. doi:10.3389/fendo.2011.00053. 
Wada, T., S. Hori, M. Sugiyama, E. Fujisawa, T. Nakano, H. Tsuneki, K. Nagira, S. 
Saito, and T. Sasaoka. 2010. Progesterone inhibits glucose uptake by affecting 
diverse steps of insulin signaling in 3T3-L1 adipocytes. Am. J. Physiol. Metab. 
298:E881–E888. doi:10.1152/ajpendo.00649.2009. 
Wang, J., M. Torii, H. Liu, G.W. Hart, and Z.Z. Hu. 2011. dbOGAP - An Integrated 
Bioinformatics Resource for Protein O-GlcNAcylation. BMC Bioinformatics 12:91. 
doi:10.1186/1471-2105-12-91. 
Wang, L., S. Chen, J. Zhang, S. Mao, W. Mao, W. Zhang, Y. Guo, Y. Wu, R. Wang, Y. 
Yan, and X. Yao. 2019. Suppressed OGT expression inhibits cell proliferation and 




Wang, T., Q. Yu, J. Li, B. Hu, Q. Zhao, C. Ma, W. Huang, L. Zhuo, H. Fang, L. Liao, Y. 
Eugene Chin, and Y. Jiang. 2017a. O-GlcNAcylation of fumarase maintains tumour 
growth under glucose deficiency. Nat. Cell Biol. 19:833–843. doi:10.1038/ncb3562. 
Wang, Y., J. Liu, X. Jin, D. Zhang, D. Li, F. Hao, Y. Feng, S. Gu, F. Meng, M. Tian, Y. 
Zheng, L. Xin, X. Zhang, X. Han, L. Aravind, and M. Wei. 2017b. O-
GlcNAcylation destabilizes the active tetrameric PKM2 to promote the Warburg 
effect. Proc. Natl. Acad. Sci. U. S. A. 114:13732–13737. 
doi:10.1073/pnas.1704145115. 
Wani, W.Y., X. Ouyang, G.A. Benavides, M. Redmann, S.S. Cofield, J.J. Shacka, J.C. 
Chatham, V. Darley-Usmar, and J. Zhang. 2017. O-GlcNAc regulation of autophagy 
and α-synuclein homeostasis; Implications for Parkinson’s disease. Mol. Brain 10. 
doi:10.1186/s13041-017-0311-1. 
Wankhade, P.R., A. Manimaran, A. Kumaresan, S. Jeyakumar, K.P. Ramesha, V. Sejian, 
D. Rajendran, and M.R. Varghese. 2017. Metabolic and immunological changes in 
transition dairy cows: A review. Vet. World 10:1367–1377. 
doi:10.14202/vetworld.2017.1367-1377. 
Warburg, O. 1925. The metabolism of carcinoma cells 1. J. Cancer Res. 9:148–163. 
doi:10.1158/jcr.1925.148. 
Webb, R., J. Buratini, C.G. Gutierrez, and B.K. Campbell. 2016. Follicle development 
and selection : past , present and future 234–249. doi:10.21451/1984-3143-AR883. 
Webb, R., and B.K. Campbell. 2007. Development of the dominant follicle: mechanisms 
of selection and maintenance of oocyte quality.. Soc. Reprod. Fertil. Suppl. 64:141–
63. 
Wells, L., S.A. Whalen, and G.W. Hart. 2003. O-GlcNAc: A regulatory post-translational 
modification. Biochem. Biophys. Res. Commun. 302:435–441. doi:10.1016/S0006-
291X(03)00175-X. 
Van Wezel, I.L., M. Krupa, and R.J. Rodgers. 1999. Development of the membrana 
granulosa of bovine antral follicles: Structure, location of mitosis and pyknosis, and 
immunolocalization of involucrin and vimentin. Reprod. Fertil. Dev. 11:37–48. 
doi:10.1071/RD98069. 
Williams, C.J., and G.F. Erickson. 2000. Morphology and Physiology of the Ovary. 
MDText.com, Inc. 
Williams, G.L., W.R. McVey, and J.F. Hunter. 1993. Mammary Somatosensory 
Pathways are not Required for Suckling-Mediated Inhibition of Luteinizing 
Hormone Secretion and Delay of Ovulation in Cows1. Biol. Reprod. 49:1328–1337. 
doi:10.1095/biolreprod49.6.1328. 
Williams, S., D. Blache, G. Martin, R. Foot, M. Blackberry, and R.J. Scaramuzzi. 2001. 
Effect of nutritional supplementation on quantities of glucose transporters 1 and 4 in 
sheep granulosa and theca cells. Reproduction 122:947–956. 
Wu, F., A. Lukinius, M. Bergström, B. Eriksson, Y. Watanabe, and B. Långström. 1999. 
A mechanism behind the antitumour effect of 6-diazo-5-oxo-L-norleucine DON): 




Xu, J., S. Wang, B. Viollet, and M.H. Zou. 2012. Regulation of the proteasome by 
AMPK in endothelial cells: The role of O-GlcNAc transferase (OGT). PLoS One 7. 
doi:10.1371/journal.pone.0036717. 
Xu, Q., C. Yang, Y. Du, Y. Chen, H. Liu, M. Deng, H. Zhang, L. Zhang, T. Liu, Q. Liu, 
L. Wang, Z. Lou, and H. Pei. 2014. AMPK regulates histone H2B O-
GlcNAcylation. Nucleic Acids Res. 42:5594–5604. doi:10.1093/nar/gku236. 
Xu, Z., H.A. Garverick, G.W. Smith, M.F. Smith, S.A. Hamilton, and R.S. Youngquist. 
1995. Expression of Follicle-Stimulating Hormone and Luteinizing Hormone 
Receptor Messenger Ribonucleic Acids in Bovine Follicles during the First 
Follicular Wave 1. Biol. Reprod. 53:951–957. 
Yaba, A., V. Bianchi, A. Borini, and J. Johnson. 2008. A putative mitotic checkpoint 
dependent on mTOR function controls cell proliferation and survival in ovarian 
granulosa cells. Reprod. Sci. 15:128–138. doi:10.1177/1933719107312037. 
Yang, Y.R., M. Song, H. Lee, Y. Jeon, E.-J. Choi, H.-J. Jang, H.Y. Moon, H.-Y. Byun, 
E.-K. Kim, D.H. Kim, M.N. Lee, A. Koh, J. Ghim, J.H. Choi, W. Lee-Kwon, K.T. 
Kim, S.H. Ryu, and P.-G. Suh. 2012. O-GlcNAcase is essential for embryonic 
development and maintenance of genomic stability. Aging Cell 11:439–448. 
doi:10.1111/j.1474-9726.2012.00801.x. 
Yenuganti, V.R., T. Viergutz, and J. Vanselow. 2016. Oleic acid induces specific 
alterations in the morphology, gene expression and steroid hormone production of 
cultured bovine granulosa cells. Gen. Comp. Endocrinol. 232:134–144. 
doi:10.1016/j.ygcen.2016.04.020. 
Yi, W., P.M. Clark, D.E. Mason, M.C. Keenan, C. Hill, W.A. Goddard, E.C. Peters, E.M. 
Driggers, and L.C. Hsieh-Wilson. 2012. Phosphofructokinase 1 glycosylation 
regulates cell growth and metabolism. Science (80-. ). 337:975–980. 
doi:10.1126/science.1222278. 
Young, J.M., and A.S. McNeilly. 2010. Theca: the forgotten cell of the ovarian follicle. 
Reproduction 140:489–504. 
Yuzwa, S.A., M.S. Macauley, J.E. Heinonen, X. Shan, R.J. Dennis, Y. He, G.E. 
Whitworth, K.A. Stubbs, E.J. McEachern, G.J. Davies, and D.J. Vocadlo. 2008. A 
potent mechanism-inspired O-GlcNAcase inhibitor that blocks phosphorylation of 
tau in vivo. Nat. Chem. Biol. 4:483–490. doi:10.1038/nchembio.96. 
Zachara, N.E., and G.W. Hart. 2004. O-GlcNAc a sensor of cellular state: The role of 
nucleocytoplasmic glycosylation in modulating cellular function in response to 
nutrition and stress. Biochim. Biophys. Acta - Gen. Subj. 1673:13–28. 
doi:10.1016/j.bbagen.2004.03.016. 
Zhang, B., P. Zhou, X. Li, Q. Shi, D. Li, and X. Ju. 2017. Bitterness in sugar: O-
GlcNAcylation aggravates pre-B acute lymphocytic leukemia through glycolysis via 
the PI3K/Akt/c-Myc pathway. Am. J. Cancer Res. 7:1337–1349. 
Zhang, C., W. Niu, Z. Wang, X. Wang, and G. Xia. 2012. The Effect of Gonadotropin on 
Glucose Transport and Apoptosis in Rat Ovary. PLoS One 7:42406. 
doi:10.1371/journal.pone.0042406. 
Zhou, L.T., R. Romar, M.E. Pavone, C. Soriano-Úbeda, J. Zhang, C. Slawson, and F.E. 
Duncan. 2019. Disruption of O-GlcNAc homeostasis during mammalian oocyte 
87 
 
meiotic maturation impacts fertilization. Mol. Reprod. Dev. 86:543–557. 
doi:10.1002/mrd.23131. 
Zhu-Mauldin, X., S.A. Marsh, L. Zou, R.B. Marchase, and J.C. Chatham. 2012. 
Modification of STIM1 by O-linked N-Acetylglucosamine (O-GlcNAc) attenuates 
store-operated calcium entry in neonatal cardiomyocytes. J. Biol. Chem. 287:39094–
39106. doi:10.1074/jbc.M112.383778. 
Zibrova, D., F. Vandermoere, O. Göransson, M. Peggie, K. V. Mariño, A. Knierim, K. 
Spengler, C. Weigert, B. Viollet, N.A. Morrice, K. Sakamoto, and R. Heller. 2017. 
GFAT1 phosphorylation by AMPK promotes VEGF-induced angiogenesis. 
Biochem. J. 474:983–1001. doi:10.1042/BCJ20160980. 
 
